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FOREi'iDRD 


The  Chemistry  Department  of  Brookhe.ven  National  Laboratory  is  sponsor¬ 
ing,  from  time  to  time,  a  series  of  small  informal  conferences  on  specific 
topics,  at  v/hich  individual  \:crkers  present  the  results  of  research  in 
progress.  The  particular  subject  taken  up  at  any  one  conference  is  deter¬ 
mined  by  the  active  research  interest  of  the  Department.  Vfe  hope  these 
conferences  v.d.11  serve  as  a  stiiaulus  to  the  research  program  of  the  Depart¬ 
ment,  and  iirnltations  for  papers  are  extended  to  individuals  actively 
engaged  in  work  from  which  wo  feel  such  benefit  may  be  derived,  we  hope  of 
course  that  our  speakers  and  others  attending  the  conferences  v/ill  profit 
from  the  opportunity  for  intensive  discussion  which  these  meetings  present. 

The  first  conference  in  this  series  was  held  at  Brookhaven  on  August 
19  and  20,  1948  snd  dealt  with  the  chemical  effects  of  nuclear  transforma¬ 
tions  (often  cal].cd  hot-atom  chemistry).  This  report  is  a  collection  of  the 
papers  given,  as  submitted  by  the  authors  after  the  conference,  Unfortunate- 
ly,  it  has  not  been  possible  to  inchide  the  many  interesting  and  valuable 
comments  and  discussions  which  contributed  greatly  to  the  success  of  the 
meeting.  ..e  should  like  to  express  our  appreciation  to  the  speakers  for 
their  contributions,  T/hich  made  this  conference  possible. 
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IITEODUC.TORY  EEKASIiS 


H.  W.  Dodsotf 

SinoB  I  have  "been  given  the  privilege  of  making  introductory  remarks  at 
the  start  of  this  conference  on  hot  atom  chemistry,  I  should  like  to  make  some 
observations  about  the  background  of  the  subject  and  to  indicate  some  of  the 
problems  which  appear  to  be  of  present  interest, 

It  is  probably  a  safe  general! za,ti on  to  say  that  most  of  the  thousands 
of  known  nuclear  transformations  have  significant  chemical  effects.  This  is 
automatically  true  for  those  reactions  in  which  the  nuclear  charge  changes,  since 
then  the  product  is  a  different  chemical  element.  Whether  or  not  this  occurs, 
it  is  also  the  case  that  the  net  energy  evolved  is  usually  large  compared  to 
chemical  bond  energies  and  activation  energies,  so  that  one  may  expect  bond 
rupture  and  other  chemical  reactions  to  occur  if  the  energy  is  properly  distri¬ 
buted  among  the  various  degrees  of  freedom.  The  energy  is  usually  concentrated 
first  on  the  particular  atom  in  which  the  nuclear  event  occurred.  The  resulting 
energetic  atom  is  called  a  "  hot  atom"i  v;hich  term  has  given  the  name  to  our 
conference. 

It  is  appropriate  to  reflect  on  the  reasons  for  our  interest  in  the  chemical 
behavior  of  hot  atoms.  It  is  easy  to  state  a  number  of  such  reasons.  First,  the 
phenomena  are  interesting  in  themselves.  Secondly,  they  are  connected  with  pro¬ 
blems  in  other  branches  of  science,  i.e.  in  reaction  kinetics,  in  nuclear  physics, 
and  possibly  in  biology.  And  thirdly,  the  phenomena  are  of  obvious  practical 
importance  in  a  technology  based  on  nuclear  reactions. 

The  first  hot  atom  studies  were  made  early  in  this  century.  The  early 
workers  with  the  natural  decay  series  observed  and  studied  the  hot  atoms  which 
were  physically  displaced  by  recoil  in  alpha  and  beta  decay-.-  The  first  recorded 
-Ji-Cplumbia  University  and  Brookhaven  Fational  Laboratory. 


observation  knovni  to  me  is  that  of  Miss  Brooks  in  1S04  (Harriet  Brooks,  Hatnre 
70,  270  (1904),  who  found  that  an  ionization  chamber  became  contaminated  with 
RaB  and  EaC  when  a  source  of  RaA  was  placed  inside  it.  It  was  apparently  Ruther¬ 
ford  who  suggested  that  the  RaB  was  set  free  by  recoil  in  the  alpha  decay  of  RaA. 
In  1909  Hahn  and  others  began  an  exploitation  of  the  techniqtie  of  recoil  separa¬ 
tions  which  turned  out  to  be  very  important  in  unravelling  the  complexities  of  the 
nat^iral  decay  series. 

Proceeding  to  later  developments,  we  take  note  of  the  historical  contribution 
of  Szilard  and  Chalmers  in  193^  (Hature  ]j4,  462  (l93^))‘  They  reported  that 
radioiodine  formed  by  neutron  capture  in  ethyl  iodide  could  be  separated  by 
aqueous  extra,ction.  They  interpreted  the  result  in  terms  of  bond  rupture  caused 
by  neutron  capture,  with  the  formation  of  free  iodine  atoms  or  ions.  It  seems 
from  their  paper  that  they  v/ere  looking'  for  a  recoil  effect  due  to  the  momentum 
of  the  captured  neutron}  however  it  was  soon  realized  that  the  momentum  of  the 
emitted  gamma  ray  is  itself  sufficient  to  cause  bond  rupture  by  recoil.  This 
fact  was  specifically  noted  by  Perm!  and  co-v/orkers  (Amaldi,  et.  al.,  Proc.  Roy. 
Soc,  l49.  532  (1935)).  who  used  the  Szilard-Chalmers  technique  in  their  early 
studies  of  neutron  induced  radioactivity. 

It  was  also  soon  discovered  (by  Gluckauf  and  Pay,  J.  Chem.  Soc.  (193^^) 

that  the  not  atoms  produced  in  the  Szilard-Chalmers  process  may  not  remain  free, 
but  may  enter  into  chemical  combination,  re-entering  molecules  of  the  parent  tj’pe 
or  synthesizing  new  substitution  products.  They  also  showed  tMt  the  probability 
of  reentry  into  the  parent  molecule  was  reduced  by  dilution  with  an  indifferent 
solute.  Iiu  and  Sugden  (J.  Chem.  Soc.  1273  (1959))  studied  these  hot  atom 
reactions  further,  and  developed  methods  of  increasing  the  yield  of  the  Szilard- 
Chalmers  sepe, ration  by  adding  diluents  whose  reactions  might  compete  with  the 
reactions  leading  to  non-extractable  compounds.  Lu  and  Sugden  also  proposed  the 


operation  of  the  'liquid  cage”  effect  to  account  for  the  fact  that  a  large  frf,c- 
tion  of  activity  is  found  in  the  parent  molecule  although  the  gamma  recoil 
energy  is  about  100  times  the  bond  energy  and  should  cause  bond  rupture  in  every 
case.  These  ideas  have  been  extensively  developed  by  Libby,  who  has  given  a 
theoretical  treatment  of  hot  atom  reactions  in  terms  of  the  liq.x^d  cage. 

Bond  rupture  and  hot  atom  formation  also  happen  in  cases  where  recoil  is- 
insufficient  to  Oause  them,  an  effect  discovered  simultaneously  by  DeTault  and  . 
Libby  and  by  Segre,  Halford,  and  Seaborg  for  the  isomer  transition  in  Br  80.  'In 
this  case,  bond  rupture  results  from  ionization  caused  by  internal  conversion  and 
subsequent  Auger  processes.  It  has  been  rather  convincingly  shown  in  experiments 
of  Friedlander,  Kennedy,  and  Seaborg  that  internal  conversion  is  a  necessary  and 
sufficient  condition  for  bond  rupture,  and  one  feels  that  the  primary  process  is 
understood  qpite  well  in  its  general  outlines,  Fevertheless  it  is  a  bit  dis¬ 
concerting  to  realize  that  no  one  has  yet  (prior  to  this  conference)  given  con¬ 
vincing  experimental  evidence  tliat  the  initial  fragments  are  positively  charged, 

iJhen  we  look  at  nuclear  transformations  involving  the  emission  of  a  charged 
particle  from  the  nucleus,  v-e  find  that  rather  less  is  known  about  the  hot  atoms 
produced  thereby,  In  the  case  of  alpha  decay  one  can  readily  calculate  the 
kinetic  energy  of  the  recoiling  atom;  it  is  of  course  rather  high,  say  about 
100  Kev,'  The  initial  state  of  ionization  is  somewhat  uncertain;  it  appears  that 
three  or  four  orbital  electrons  are  ejected  from  the  emitting  atom  as  the  alpha 
particle  moves  out.  In  beta  decay  the  recoil  energy  is  cou^arable  to  that  in 
gamma  emission,  with  the  complication  that  recoil  energy  is  distributed  over  an 
unlmown  spectrum  determined  by  the  angular  correlation  between  the  beta  particle 
and  the  neutrino.  Here  again,  the  state  of  initial  ionization  is  uncertain,  al¬ 
though  the  initial  charge  must  be  at  least  plus  1. 

The  chemical  effects  of  induced  nuclear  reactions  in  which  heavy  particles 
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are  emitted  have  been  studied  Kit  little.  An  interesting  contrihution  has  "been 
made  hy  Yankwich,  Rollofson,  and  horris  vdio  measured  the  yield  of  various  com¬ 
pounds  containing  0-l4  formed  hy  l;'-n,p.  The  rather  complicated  results  were 
plausibly  rationalized  hy  qualitative  chemical  arguments,  hut  I  believe  the  authors 
would  he  the  first  to  say  that  only  an  initial  step  has  heen  made  in  understanding 
what  really  happens  in  these  systems.  The  chemical  point  of  view  adopted  hy  them 
is  qu.itc  different  from  the  physical,  hilliard-hall-collision,  ■  liq.uid-cage  picture 
used  hy  Lihhy»  It  v/ill  he  interesting  when  more  and  better  data  are  at  hand  to 
see  vfhich  point  of  view,  or  what  combination  of  them  best  interprets  the  facts. 

It  is  perhaps  appropriate  to  close  these  introductory  remarks  by  summarizing 
the  types  of  knowflodge  wo  now  have  about  the  subject  and  the  types  of  questions 
it  would  be  well  to  ask  of  experiment  and  theory  in  order  to  amplify  and  extend 
this  knowledge,  tie  knowfj 

(a)  That  recoil  from  the  particle  or  o.uantum  emitted  by  a  nucleus  (or  for 
that  matter,  captured  by  a  nucleus)  may  cause  molecular  fragmentation, 

(b)  ionisation  within  the  emitting  atom  may  cause  molecular  fragmentation, 

(c)  some  proportion  of  the  hot  atoms  produced  may  react  with  the  environ-^ 
ment,  especially  in  condensed  phase, 

Q,uestions  on  w^hich  we  would  like  more  detailed  information,  qualitative  and 
quantitative,  are; 

(1)  In  v;hat  manner  is  the  energy  evolved  in  the  nuclear  process 
communicated  to  the  atom,  i.e,  by  recoil,  or  by  electronic  loss 
or  excitation,  or  by  both? 

(2)  How  is  this  energy  distributed  over  the  various  degrees  of  freedom 
of  the  molecule? 

(3)  Does  the  molecule  dissociate  -  if  so  into  what  fragments? 

(4)  Are  the  fragments  neutral  or  charged? 


(5)  What  are  the  kinetic  energies  of  the  fragments  after  dissocia¬ 
tion,  and  what  is  the  angular  correlation  of  their  motions? 

(6)  In  what  fashion  do  the  fragments  lose  energy? 

(7)  In  v/hat  chemical  reactions  do  the  hot  atoms  participate  as 
they  descend  the  energy  scale? 

(8)  Finally,  in  what  stable  states  of  chemical  combination  do  the 
fragments  eventnally  find  them.sclvcs  after  they  have  been 
degraded  to  thermal  energies? 

It  is  our  hope  that  this  conference  v.'ill  make  known  to  us  what  problems 
are  being  undertaken,  vrhat  sort  of  results  are  being  obtained,  what  problems 
various  workers  in  the  field  consider  to  be  significant  and  suitable  for  study, 


CUEESiJT  VJORIC  IV.  HOT  ATOrl  CHEMISTRY  AT  THE 
UinVERSITI  OE  WISCOFSIIT 

Gerrit  Levey,  RoLert  Milham,  ViTilliam  Rice  and.  John  E.  Willard^" 

The  work  to  he  discussed  here  is  work  which  is  currently  in  progress  at 
the  University  of  Wisconsint  Results  which  are  as  yet  incomplete  or  fragmentary 
will  he  included  in  the  belief  that  exchange  of  such  information  among  those 
working  in  a  field  is  mutually  helpful.  The  topics  to  he  dealt  with  are: 

(1)  Chemical  properties  of  monatomic  sulfur  formed  hy  the  Cl®®(n,p)  S®® 
reaction; 

(2)  Investigations  of  the  chemical  nature  of  Br®°  and  Br®®  formed  hy  the 
(n,Y)  reaction  on  all^yl  hromides; 

(3)  Reaction  of  low  concentrations  of  H3r  and  Br  vdth  residual 

s 

impurities  in  purified  reagents, 

1.  Chemical  Properties  of  Sulfur  Formed  hy  the  Ol®®(n,p)  S®®  Reaction 
Discussion  of  Results 

It  has  been  observed  in  our  laboratory^  and  independently  by  EdVi'ards  and 

Coryell^  and  possibly  by  others  that  the  S®®  produced,  in  crystals  of  KCl  as  a 

result  of  the  Cl®®  (n,p)  S®®  reaction  appears  as  SO  "  when  the  crystals  are 

dissolved  in  water.  The  sulfate  is  obtained  even  when  the  water  contains  macro 

amounts  of  S“,  suspended  S,  and  SO  ~  as  carriers  and  has  been  carefully  degassed 

3 

prior  to  dissolution  of  the  KOI.  ’  Three  possible  hypotheses  to  account  for  the 
appearance  of  sulfur  in  this  oxidation  state  are: 

(1)  the  oxidation  state  of  6  is  somehov?  stabilized  by  the  KOI  lattice; 

(2)  the  sulfur  is  oxidized  hy  elemental  chlorine  produced  from  KOI  hy  the 
action  of  neutrons  and  gamma  rays; 

(3)  atomic  sulfur,  S  (in  contrast  to  the  molecular  forms  (S  )  which  are 

\  B 

^Department  of  Chemistry,  University  of  Wisconsin. 


ordinarily  dealt  with  at  room  temperature)  is  oxidized  to  sulfate 
hy  water. 

None  of  the  three  hj^potheses  suggested  is  wholly  satisfying.  From 
considerations  of  ionization  potentials  alone  it  seems  unlikely  that  the  S®® 
atoms  are  held  in  a  KOI  lattice  in  a  state  which  vdll  produce  sulfate  hy  reaction 
with  water,  unless  the  water  acts  as  an  oxidizing  agent.  However,  in  order  to 
test  the  hypothesis,  we  have  determined  the  chemical  form,  after  water  extrac¬ 
tions,  of  formed  hy  neutron  homhardment  of  liquid  and  gaseous  001  and  of 

4t 

gaseous  HOI,  In  each  case  the  major  portion  of  the  S®®  has  "been  found  to  he  in 

the  form  pf  sulfate.  In  these  tests  considerahle  care  was  taken  to  exclude 

oxygen  during  ‘bomhardment  and  until  the  bomharded  material  had  been  extracted 

with  degassed  vmiter  containing  S~,  sxispcnded  S  and  SO  as  carriers.  These 

3 

results  seem  to  prove  that  the  sulfur  does  not  require  a  crystal  lattice  to  pre¬ 
serve  it  in  a  form  which  will  become  sulfate  when  exposed  to  mtor,  '  It  has  been 
suggested  that  the  tracer  amounts  of  S®®  formed  in  these  liquid  and  gas  'phase 
experiments  might  be  oxidized  by  the  small  amounts  of  oxygen  remaining  in  a 
system  after  even  the  best  evacuation.  Such  an  explanation  does  not  appear  sat¬ 
isfactory  to  explain  the  production  of  sulfate  since  the  oxidation  would  ordinarily 
stop  at  SO  rather  than  proceeding  to  SO  . 

3  3 

In  considering  the  second  hypothesis,  it  is  difficult  to  estimate  the  amount 
of  elemental  chlorine  which  will  be  produced  by  radiation  decomposition  of  KOI  by 
gamma  rays  because  of  the  very  great  uncertainty  as  to  the  relation  between 
gamma  ray  energy  lost  and  free  chlorine  produced.  A  rough  estimate  can  be  made 
of  the  amount  of  free  chlorine  produced  in  the  irradiation  of  CCl  it  is 
assumed  that  the  nuinhcr  of  gamma  rays  entering  a  sample  in  the  Oak  .Sidge  pile  or 
in  the  thermal  column  of  the  Argonne  heavy  water  pile  is  equal  to  the  pumher  of 
neutrons  and  that  one  ion  pair  is  formed  per  3^  ov  of  absorbed  gamma  ,ray  energy  • 


(taking  the  average  gamma  energy  as  1  Mev  and  the  average  rate  of  absorption  as 
10”^  of  the  total  energy  per  cm-  of  air  equivalent)  and  that  each  ion  pair  re¬ 
sults  in  the  production  of  a  01  molecule*  If  these  assumptions  are  valid  the 

number  of  moles  of  01  produced  will  be  hundreds  or  thousands  of  times  greater 

2 

than  the  moles  of  S®®.  Additional  01  will  bo  formed  by  other  processes  such  as 

B 

the  dissipation  of  energy  from  (n.V)  and  (n,p)  recoils  in  the  system.  Ohlorino 

so  formed  may  result  in  the  formation  of  S  01  ,  SCI  and  SCI  biit  none  of  these 

C0!i5)6unds  is  known  to  hydrolyze  in  large  percentage  of  sulfate  and  so  they  alone 

cannot  explain  the  fact  that  a  large  fraction  of  the  S®®  appears  as  SO^  >  The 

possibility  that  OlO”,  formed  by  hydrolysis  of  01^,  oxidizes  an  appreciable 

fraction  of  the  S®®  after  the  bombardment  sample  is  extracted  with  water,  is 

very' improbable,  since  in  these  bests  the  tracer  amounts  of  S®®  were  protected  by 

macro  amounts  of  S”  and  SO  “  in  the  water  solutions.  E:cperimcnts  are  planned 

3 

to  test  the  effect,  if  any,  of  elemental  chlorine  in  investigations  of  this  type, 
by.  determining  the  chemical  form  of  the  sulfur  produced  by  neutron  irradiation 
of  mixtures  of  EOl  and  H  ,  by  irradiation  of  C  Cl  and  by  irradiation  of  01  ■.  In 
the  first  case  any  chlorine  produced  may  be  expected  to  react  with  H  to  reform 
HOI  and  in  the  second  it  may  be  ejqjocted  to  bo  removed  by  reaction  with  the 
double  bond  of  0  01  . 

3  4 

Monatomic  sulfur,  like  monatomic  oxygon  and  monatomic  chlorine  might  be 

expected  to  be  much  more  reactive  than  the  molecular  form  (S  )  of  the  element, 

8 

To  the  best  of  our  knowledge  no  one  has  over  had  the  opportunity  of  observing  the 
properties  of  free  sulfur  atoms  at  room  temperature  except  as  they  have  been  pro¬ 
duced  as  isolated  atoms  by  the  transrautation  of  atoms  of  another  element.  The 
standard  free  energy  change  for  the  reaction  S  +  4H  0^^2H  '*^*30  4-  3^  ^7  how-** 

ever  be  calculated  from  existing  data.  It  is  -6000  cal/moL  and  the  actual  free 
energy  change  at  the  concentration  of  S  atoms  present  in  the  work  discussed  here 


would  "bo  a  much  larger  negative  numher.  It  is  therefore  possible  that  the  S®®0 

4 

obtained  is  duo  to  the  direct  oxidation  of  S  atoms  by  H  0,  and  this  seems  to  be 

s 

most  attractive  hj^pothesis  available  at  present. 

Experimental  Method  and  Data 

Our  initial  observation,  that  the  S®®  formed  by  the  Cl®®  (n»p)  S®®  reaction 
in  KCl  crystals  appears  as  S®®0  when  the  crystals  are  dissolved  in  water,  was 

4 

made  on  a  shipment  of  KOI  from  the  Clinton  hahoratorics,  which  had  heen  irradiated 
with  a  total  exposure  of  1*3  ^  neutrons/cm^.  Some  of  the  crystals  tested 

Vv'ore  as  largo  as  2  mm.  on  a  side.  The  ratio  of  atoms  in  the  crystal  to 
and  Cl"*  ions  v/as  about  10""® •  In  no  case  was  less  than  90  percent  of  the  S®® 
found  as  SO^  •  Sulfide  carrier  was  removed  from  the  \mtcr  solution  by  precipita¬ 
tion  as  Ag  S  or  CuS^  and  SO  was  precipitated  as  BaSO  •  In  some  cases  the  bom- 

2  4  4 ' 

barded  crystals  were  ground  with  a  solxation  of  S  in  CS  ,  with  Carborundum'  present 

2 

as  an  abrasive,  before  being  shaken  vdth  water^  lifhen  the  CS  was  evaporated  and 

2 

the  residual  sulfur  coxintod  it  was  fotind  to  contain  O.5  percent  of  the  S®®  from 

the  KCl  sample.  In  some  of  these  tests  dissolved  air  was  removed  from  the  solvents 

before  adding  KCl  and  in  one  ease  HH  OK  was  added  to  the  H  0,. 

2  2 

Irradiation  of  gaseous  GOl  ,  3C1  and  H  S  and  of  liquid  CCl  as  well  as 

4  2  4 

samples  of  other  chlorides  and  sulfides  not  yet  analyzed  has  been  carried  out  in 

quartz  tubes  10  cm.  long  and  6  mm.  i.d.  in  the  thermal  column  of  the  Argonne 

heavy  v^ater  pile  for  one  hr.  The  irradiation  was  sufficient  to  cause  considerable 

darkening  of  the  quartz  tubes*  These  tubes  are  opened  by  breaking  the  tip  in  an 

evacuated,  degassed  system  under  the  surface  of  solvents  containing  appropriate 

carriers.  Usually  toluene  was  present,  together  with  S~,  S,  and  SO  in  alkaline 

3 

aqueous  solution.  The  mixture  was  shaken  while  still  under  vacuum  and  the  water 
toluene  and  any  other  volatile  components  were  distilled  off  in  those  cases  v/here 
there  was  reason  to  believe  that  a  significant  fraction  of  the  might  bo  present 


in  volatile  form,  as  for  example,  in  the  'bomhardment  of  CS  .  The  solid  residue 

s 

was  then  opened  to  the  air  and  dissolved  in  vfater  and  toluene.  The  two  layers 
were  separated  and  the  counting  rate  of  the  elemental  sulfur  dotorrained  from  an 
evaporated  portion  of  the  toluene,  ITiS  and  lliSO  v.'orc  precipitated  and  filtered 

3 

from  the  v/ator  solution  and  BaSO  was  precipitated  from  the  filtrate  after  adding 

4 

so  carrier,  The  HiSO  was  separated  from  Hi  S  hy  v/ashing  vfith  ilH  OE, 

43  3  4t 

Under  the  conditions  used  it  was  not  fo\md  possible  to  obtain  quantitative 

reproducibility  of  the  amotint  of  recovered  from  identical  samples  exposed  to 

the  same  bombardment  or  of  the  distribution  of  the  between  different  chemical 

forms*  The  results  arc,  however,  in  qu.alitativo  agreement  in  indicating  that  the 

major  portion  of  the  produced  from  gaseous  CCl  or  EOl  is  in  the  form  of 

SO  after  water  extraction*  They  also  indicated  (on  the  basis  of  the  limited 
4 

cvid.cncc  afforded  by  one  experiment)  that  a  large  portion  of  the  formed  by 
the  S^^(n,'V)S^^  reaction  on  gaseous  S  appears  as  elemental  sulfur,  while  a 
large  part  of  that  formed  from  CS  is  found  in  volatile  sulfur  compounds.  These 
data  arc  given  in  Table  1,  The  last  column  gives  the  ratio  of  the  S®®  recovered 
in  all  chemical  fractions  of  each  tube  to  the  total  S®®  recovered  from  the 
irradiation  tube  which  yielded  the  greatest  amount  of  S®®  per  unit  amount  of 
chlorine  irradiated.  Since  all  the  samples  listed  were  irradiated  at  the  same 
time  in  the  same  container,  the  S®®  /Cl  ratio  should  be  constant.  The  variation 
may  be  due  in  part  to  variations  in  counting  losses  duo  to  self  absorption  and 
”  self  focussing’*  of  the  counting  samples  (since  only  qualitative  or  Semi-quanti¬ 
tative  infprijiation  v^as  being  sought  in  this  work)  and  in  part  to  incomplete 
removal  of  S®®  from  irradiation  tubes  (although  each  tube  was  heated  with  ITaOE 

solution).  The  column  labeled  ”S0  "  supnt "  indicates  that  in  some  c3q)crimcnts 

4 

S®®  remained  in  solution  after  HiS,  HiSO  and  BaSO  had  boon  precipitated.  Until 

3  4  ^ 

proven  otherwise  vc  arc  assuming  that  this  is  from  S  ,  SO^  ,  or  SO^  which  escaped 


HABLE  1 


Chemical  Term  of  Sulfur  Produced  "by  Cl®®(n,p)S®®Peaction  on  OCl 
and  ECl  and  hy  S®‘^(n,'Y)S^®  Reaction  on  H_  S  and  CS 


S," 

% 

S. 

% 

so  , 

so 

/o 

SO 

^  4t 

Supnt I 

^ 

Relative  amt.  of  ^ 
S®®  recovered  ' 

per  Cl®® 
irradiated 

CCl  gas"^ 

2.g 

2.4 

72.2 

0 

VO 

1.00 

!1 

12 

6 

3.6 

3s. 4 

40 

0.27 

!! 

3.3 

3-3  j 

0.5 

92.5  ' 

0 

0.58 

1  \ 

^  1.6 

25.7 

1.7 

69 

1.7 

i  0.06 

ft 

o.g 

1,9 

0.5 

11.4 

84 

0.25 

1! 

0.1 

0.1  ! 

1.3 

93.8 

4.5 

0.63 

11 

0.1 

0.1 

0.2 

S7.0 

12.4 

0.39 

HCl  gas 

6.5 

5.5  1 

0.6 

55.9 

30.5 

0.82 

HgS  gas  ^  ^ 

0.4 

98.2  i 

0.4 

0.2 

1.1 

CS2  liq.- 

1.7 

9 

0.5 

4 

0 

J_ - j- 

*  19^  of  S®®  appeared  in  water  vfashes  of  quartz  irradiation  tube. 
.  appeared  in  volatile  sulfur  compounds. 


of  S®®  appeared  in  volatile  S  corapovinds. 
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precipitation. 


2,  Chemical  lature  of  Br^o  and  Formed  by  the  (n.V)  Reaction  on 

Allcyl  Bromides 

It  is  well  known  that  follov/ing  irradiation  of  liCLuid  alkyl  bromides  with 
neutrons  part  of  the  Br®®  and  Br®®  formed  by  the  (n,Y)  reaction  is  in  organic 
combination  and  part  may  be  removed  from  the  parent  organic  liquid  by  water 
extraction.  The  possible  chemical  forms  of  the  vrater-extractable  radiobroraino 
woxild  seem  to  be  limited  to  Br,  HBr  and  Br  .  As  far  as  we  knovj',  no  one  hks 

3 

established  which  of  these  species  are  present  in  such  systems,  It  might  be 
supposed  that  tracer  amounts  of  HBr  and  Br^or  Br  in  could  be  distinguished 

by  the  preferential  reaction  of  Br  and  Br  with  Hg  or  Cu.  However,  Kg  reacts 
with  C  E  Br  ,  and  tests  which  we  have  made  indicate  that  HBr  as  well  as  Br 

3  4  s  ^ 

reacts  with  freshly  reduced  Ou.  These  tests  were  made  by  mixing  HBr  formed  by 
the  action  of  phosphoric  acid  on  neutron  irradiated  K3r  with  purified  degassed 
C  H  Br  in  the  gas  phase,  passing  the  mixture  through  P  0  supported  on  glass 

3  4  3  ^  ° 

wool,  and  then  through  Cu  turnings  which  had  been  reduced  in  a  stream  of  hot 

hydrogen  and  preserved  under  vacuum,  until  exposure  to  the  HBr-C^H^Br^  stream. 

A  total  of  6.7  mg,  of  HBr  was  passed  through  the  train.  Six  percent  of  the 

radiobromine  was  found  in  the  P  0  and  glass  wool,  66  percent  on  the  Cu  and 

s  s 

2S  -percent  in  C  E  Br  condensate  on  the  effluent  side  of  the  train. 

^  3  4  3 

It  may  be  that  metallic  silver  could  be  used  to  effect  a  separation  between 
elemental  bromine  and  HBr,  or  that  Hg  would  oo  a  satisfactory  reagent  for  the 
purpose  in  the  presence  of  loss  reactive  organic  bromides  than  C^H^Br^.  A 
quite  different  method  of  distinguishing  between  Br,  Br^,  and  HBr  would  be  on 
the  basis  of  the  characteristic  activation  energy  of  each  with  the  parent  solvent. 
It  should  be  possible  to  determine  the  activation  energy  for  the  reactions  of 
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HBr  and  of  Br^  with  C^K^Br^  to  produce  organic  hromine  compounds.  It  should 

also  he  possible  to  determine  the  activation  energy  for  the  reaction  with 

0  E  Br  of  the  water  extractable  bromine  formed  by  the  (n,Y)  reaction  on 
343 

C  E  Br  simply  by  heating  sealed  tubes  of  purified  degassed  neutron  irradiated 
C  E  Br  at  d.iffcrent  temperatures  before  extraction  with  a  water  solution  of 

3  4r  3 

Br“  '^r  SO  If  the  ’•  Szilard  Chalmers  bromine”  is  EBr  the  activation  energy 
3 

for  its  reaction  should  be  the  same  as  that  obtained  in  the  trial  runs  v;ith 
A 

HBr  .  and  if  it  is  Br^  it  should  correspond  to  that  found  in  the  trials  with 

Br  .  If  it  is  Br  it  should  be  different  than  that  obtained  in  cither  of  the 
s 

tests  with  available  species,.. 

As  a  preliminary  indication  of  coi-iditions  under  which  Br  ,  HBr  and  Szilard 

s 

Chalmers  bromine  will  react  with  0  H  Br  vc  have  assembled  in  Tables  2,  3  and  4 

s  4  s 

pertinent  data  from  past  experiments  which  wo  have  done  on  these  systems,  The 
data  of  Table  2  suggest  that  v;hcn  HBr  is  present  in  prcsumbly  pure  and  degassed 
C^H^Br^  at  a  concentration  of  about  10~®  molcs/1,  an  appreciable  fraction  of  the 
bromine  may  enter  organic  combination  at  room  temperature  and  that  this  amount  is 
independent  of  times  of  standing  for  periods  over  two  hours.  This  behavior 
suggests  the  presence  of  a  small  amount  of  residual  impurity  such  as  an  alcohol, 
and  reemphasizes  the  role  vdiich  impxirities  may  play  in  "retention'’  experiments 
even  at  concentrations  much  higher  than  those  met  in  work  with  Szilard  Chalmers 
bromine.  The  data  for  the  experiments  at  100°  suggests  that  the  exchange 
reaction  of  bromine  in  EBr  with  bromine  in  C  E  Br  occu-Ps  at  a  measurable  rate 

3  4  3 

under  these  conditions.  The  columns  labeled  "1st  ext.",  2nd  ozt."and  "3rd 
ext.”  in  Tables  2  and  3  show  the  percentage  of  the  radios-ctivo  bromine  which  was 
removed  by  each  of  three  successive  extractions  of  10  cc  of  the  C  H  Br  v'ith 

3  4  3 

10  cc  of  TOtor  containing  0,06  M  SO  ion.  Those  latter  data  indicate  that  the 

3 

extraction  was  essentially  complete  in  each  experiment,  and  that  the  extractant 
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TABLE- 


Reaction  of  HBr  in  Purified  Solution 


HBr  . 
m/ 


j  7,4 

!  ^ 

:  9.2 

!  9.2 


Treatment 


dark,  R.T, 

2  hr.*  at  100® 
4  hr»-  at  100® 
dark,-  R.  T. 


Time  between 

Mixing  reagents 
and  extraction, 

hrs  • 

'"la 

35 

35 

36 


_ B, i s^t ribution  of  A ctivityyg& 

1st  ext. 

58.7 


44.2- 

22.6 

61.0 


2nd  ext. 

2.4 

1.6 

1.8 

2.1 


3rd  ext. 


1.0 

0.4 

0.5 

0*4 


layer 

37.9 

53.8 

75.0 

36.4 


TABLE  3 


Reaction  of  Br^  in  Purified  Solution 

(Cone*  approx.  2  x  10"*^  molar) 


Treatment 

Time  between 
mixing  reagents 
and  extraction, 
hrs. 

Distribution  of  Activity, 

1st  ext. 

2nd  ext. 

3rd  ext. 

^2^  2 
layer 

dark,  R-  T, 

14 

93.5 

3.0 

0.3 

3.1 

2  hrs.  illumination* 

14 

56.6 

1.9 

0.5 

41.1 

dark,  2  hrs.  at  105®' 

14 

83.2 

3. 1 

1.6 

12.1 

j  dark,  4  hrs.  at 

115° 

89 

j  53,8 

1. 

2.7  1 

0.5 

43.0 

j  watt  Mazda  lamji 

a  t  .2  feet 

L . - . - 

TABLE  4 

Retention  of  Bromine  Produced  by  Br''9{n,  hr) 

1  Conditions 

Retention  in  C^H^Br^  layer 

t 

%  . 

extracted  immediately 

35 

■ 

stood  6  hrs.  with  pentene  at  R.T. 

80 

2  hrs.  at  100® 

40 

2  hrs.  at  130"^ 

91 
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did  not  cause  apprccia'ble  liberation  of  water  soluble  bromine  from  the  organi¬ 
cally  bound  bromine. 

The  d^ta  of  Table  3  indicate  that  there  is  very  slight  reaction  of  Br  with 

3 

C  H  Br  in  the  dark  at  room  ton^ieraturc  vrhen  the  3r  is  present  at  lO*"®  molar 
but  that  reaction  occurs  in  the  light,  or  in  the  dark  above  100°.  In  considering 
possible  effects  of  impurities  it  must  be  noted  that  the  concentration  of  bromine 
in  the  experiments  of  Table  3  more  than  100  times  that  in  the  HBr  experiments 
of  Table  2, 

Szilard  Chalmers  bromine  produced  by  noxitron  irradiation  of  purified 
degassed  0  E  Br  reacts,  at  least  in  part,  with  pontono  and  at  tomperaiures  above 
100°  enters  into  organic  combination  when  dissolved  in  C  H  Br  ,  according  to  the 

3  ^  3 

data  of  Table  4. 

Various  investigators  have  made  observations  on  the  Szilard  Chalmers 

bromine  produced  in  alkyl  bromides,  which  appear  to  be  inconsistent  v;ith  the 

supposition  that  it  is  in  any  one  of  the  three  forms  HBr,  Br  or  Br.  Such  ob- 

2 

sorvations  include  the  fact  that  the  water— extractable  bromine  sometimes  remains 
as  a  residue  when  the  alkyl  bromide  is  evaporated  on  a  glass  plate  (Hamill  and 
Davis),  the  fact  that  the  radiobromino  is  not  fractionated  from  the  alkyl  bromide 
by  bubbling  a  stream  of  inert  gas  through  the  solution  (hibby  and  Friedman)  and 
the  fact  that  the  radiobromino  migrates  to  the  anode  if  electrodes  arc  placed 
in  the  alkyl  bromide.  These  observations  suggest  that  trace  amounts  of  impurities 
may  play  a  major  role  in  determining  the  form  of  the  water-extractable  bromine. 
Apparently  impurities  do  not  often  play  an  important  part  in  determing-the  per¬ 
centage  of.  the  Br^°  and  Br®^  which  is  organically  retained,  since  retention 
values  are  qualitatively  speaking  quite  reproducible. 

3.  Reaction  of  Low  Concentrations  of  HBr  and  Br  wdth  Residual 

- 3 - - - - 

Impurities  in  Purified  Reagents 
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The  data  of  Tahlo  2,  discussed  in  the  preceding  section,  suggests  that  the 
C  H  Br  used  may  have  contained  about  3  10  ®  molcs/1  of  an  impurity  with  which 

HBr  could  react  readily  at  room  temperature  in  the  dark  to  form  an  organic 
hrornine  compound.  The  3  percent  reaction  of  Br  vdth  C  Br  in  the  dark.shovm  in 

S  2  4  2 

Table  3  “ly"  represent  reaction  with  an  impurity.  liThen  some  tests  in  vAich  low 
concentrations  of  radiohrominc  v^oro  placed  in  supposedly  very  pure  CCl  resulted 

4 

in  the  production  of  organically  hound  bromine,  v^e  undertook  a  series  of  cxperi~ 
ments  to  determine  how  the  amount  of  such  reaction  varied  with  the  method  of 
preparation  of  the  CCl  ,  the  concentration  of  the  bromine  and  the  time  of  contact. 

4 

In  Tatlo  5  'the  data  far  the  experiments  made  with  OCX  purified  hy  different 

4 

methods  arc  differentiated  hy  the  numbers  1,  2,  3*  ^  5»  In  all  except  the 

last  case  (Technical  grade  CCl  )  four  tests  were  run»  two  at  a  lov/  concentration 

4 

where  the  bromine  was  allowed  to  stand  with  the  001  for  10  minutes  and  40  hours 

4 

respectively  and  two  at  a  higher  concentration  for  the  same  tv;o  lengths  of  time. 

In  each  case  the  concentration  of  Br  ^  the  total  co\inting  rate  (at  about  3  Percent 

2 

counting  yield),  and  the  distribution  of  the  radiobromine  between  three  successive 

11  cc  portions  of  aq,ueous  extractant  containing  0.06  m  SO  and  the  remaining 

3 

organic  phase  are  given.  The  final  figure  in  each  column  shows  the  moles/1  of 
bromine  which  were  not  extractable  vdth  sulfite  solution  and  therefore  may  be 
assumed  to  have  entered  organic  combination.  The  amount  of  bromine  which  could 
enter  organic  combination  would  be  expected  to  be  the  same  for  both  concentrations 
of  bromine  in  CCl  if  a  limited  amount  of  impurity  is  being  completely  brominated. 

4 

This  is  approximately  true  (within  a  factor  cf  2)  for  all  four  types  of  CCl 

4 

which  v^ere  tested  at  two  concentrations  of  bromine,  if  the  results  for  the  longer 
times  of  contact  are  compared.  However,  the  full  explanation  of  the  results  is 
not  clear ♦  It  may  be  noted  that  the  only  one  of  the  five  CCl  preparations  which 

4 

vfas  not  distilled  from  P  0  showed  the  smallest  reaction  with  Br  .  To  test  the 

SB  2 
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hypothesis  that  the  3r  reacts  vith  some  substance  introduced  from  the 
35  cc  6f  CCl  which  had  been  purified  by  illumination  with  CIO  and  Cl  were 

^  S3 

distilled  from  about  15  grams  of  P  0  (Merck  Eeagent  grade  such  as  was  used  in 

2  5 

the  tests  of  Table  5)«  1'ke  liquid  was  divided  into  three  fractionsi  the  first 

third  in  the  distillate,  the  second  third  in  the  distillate,  and  the  remaining 

third  which  was  removed  from  the  distillation  flask  without  distillation.  Each 

of  the  three  fractions  was  divided  into  two  portions,  to  one  of  which  was  added 

a  drop  of  water,  Each  portion  was  allov/ed  to  stand  with  radiobromine  for  24 

hours  and  then  thoroughly  extracted.  Prom  1  x  10“’’  to  3  x  10  ^  moles  per  liter 

of  Br  entered  organic  combination  in  the  several  cases,  with  no  trend  that 

a 

could  be  ascribed  to  the  added  water  or  to  the  properties  of  the  separate 
fractions. 

It  must  be  concluded  that  amounts  of  bromine  of  the  order  of  10*“®  -  10**”'^ 
moles  uer  liter  react  with  something  in  carefully  purified  CCl  to  form  organically 
bound  bromine.  This  cannot  be  due  to  a  reaction  of  the  tj^pe  3r  +  CCl— >001 

2  4  3 

Br  +  BrCl  since  extensive  studies  on  this  reaction  by  A.  A,  Miller  of  our 

laboratory’  show  that  it  has  an  activation  energy  of  about  40  kcal/mole  and  does 

not  proceed  at  a  readily'-  measurable  rate  below  150°C.  It  seems  highly  improbable 

that  the  reaction  indicated  by  the  data  of  Table  5  is  a  reaction  between  Br  and 

2 

CCl  induced  by  the  radiations  from  the  decay'-ing  Br  ,  since  it  may  be  calculated 

4 

that  only  about  10**^°  moles/litcr  of  ion  pairs  w'ould  have  been  formed  by  this 
means  in  the  40  hour  experiments,  vdicre  between  10“''’  and  10  ®  moles  per  liter 
of  bromine  w'cre  observed  to  react. 
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J,  M.  Miller  and  R.  W.  Dodson* 

This  discussion  will  he  concerned  only  \\dth  the  hot  atom  chemistry  that 
comes  about  as  a  conseo^uence  of  radiative  neutron  capture.  In  particular  we 
shall  he  interested  in  the  neutron  capture  hy  chemical  form  of 

CCl  . 

4 

Theory 

Although  there  is  little  douht  tha.t  essentially  all  captures  break  up  the 
molecule  that  contains  the  absorbing  nucleus,  nevertheless  a  good  fraction  of 
the  radioactive  chlorine  is  ultimately  found  as  carbon  tetrachloride.  This 
fraction  is  knovm  as  'R'',  the  retentiop.  Our  task  will  be  to  predict  hov/  this 
fraxtion  ”  R"  is  influenced  by  the  addition  of  other  molecules  to  CCl  . 

The  initially  energetic  (200ev)  Cl  atoms  resulting  from  the  breakup  of  the 
molecule  must  have  a  probability  of  exchanging  with  CCl  that  is  consistent  with 

4 

the  observed  value  of  '"R".  This  reaction  may  involve  atoms  that  are  still  being 
"  cooled”  ,  or  it  may  involve  atoms  tliat  arc  in  thermal  equilibrium  v;ith  their 
environment.  V'e  shall  say  that  the  reaction  occurs  with  atoms  having  an  energy 
distribution  governed  by  the  slov/ing  dO’Am  process  rather  than  by  thermal 
equilibrium.  This  statement  can  be  substantiated  by  experimental  evidence  which 
unfortu.nately  cannot  be  examined  here. 

"R”  can  be  calculated  in  the  event  of  a  steady  state,  i,  e.  in  the  case 
that  the  number  of  atoms  having  a  given  energy  is  not  a  function  of  the  time. 

If  K(E)dE  is  the  number  of  collisions  made  per  unit  time  by  radioactive  chlorine 
atoms  having  an  energy  between  E  and  E+dE,  P  is  the  probability  of  hitting  a 
Cl  atom  at  a  CCl  molecule  in  a  given  collision,  w(B)  is  the  probabilitj’’  of  a 

4: 

collision  between  a.n  active  Cl  atom  Vidth  an  energy  E  and  a  CCl  molecule  giving 

4 
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sulistitution  of  the  atom  in  the  molecnle,  and  the  retention  is  esq^ressed  as  the 
numher  of  atoms  heing  retained  per  unit  time  per  hot  atom  formed  in  unit  time, 
one  can  immediately  write 
(1)  E=^j^H(E)Pw(E)dE 

If  ‘v  is  t.he  activation  energy  of  the  exchange  reaction  and  B  the  maximum  energy 

0 

of  the  01  atoms,  then  v(E)  vanishes  for  E.<v,  and  H(B)  vanishes  for  E  >E  . 

0 

Equation  (l)  can  he  rovrritten  in  the  more  useful  form 
(l)  R=  r  t(E)Pv;(E)dE 

V 

To  proceed  it  is  necessary  to  make  assumptions  concerning  the  nature  of  the 
collisions  in  a  liquid  and  the  mechanism  for  the  exchange  of  active  01  atoms  with 
001  .  Initially  let  us  use  the  assumptions  given  hy  Lihhy  (l)  to  enable  us  to 

4 

express  explicitly  these  two  functions  of  the  energy.  Briefly  these  assumptions 
arc  as  follows: 

(a)  Every  (n.'V)  process  produces  a  free  reooil  atom.  The  kinetic  energy 
of  this  atom  is  such  that  it  cannot  participate  in  stable  chemical  combination 
until,  it  has  lost  energy. 

(B)  Energy  is  lost  solely  by  elastic  collisions  which  are  billiard  ball” 
collisions.  Indeed,  until  chemical  combination  occurs,  the  recoil  atoms  behave 
as  if  they  were  travelling  through  an  assemblage  of  free  atoms  and  colliding  with 
one  atom  at  &  time. 

(C) -'If  sufficient  energy  is  transferred  in  a  given  collision  the  struck 
molecule : will  be  dissociated  into  free  radicals.  Retention  results  from  the 
combination  of  the  recoil  atom  with  one  of  these  free  radicals.  However,  this 
can  occur  only  when  the  radical  is  trapped  along  ^^'ith  'the  radioactive  recoil 
atom  in  a  ^’-liquid  cage”. 

(p)  -  jlf,  after  a  given  collision  which  dissociated'  the  struck  molecule,  the 
recoil  atom  has  a  kinetic  energy  less  than  a  critical  amount  e  ,  it  will  be  trapped 


in  a  cage  and  react  vdth  the  r-adical  trapped  vdth  it;  otherwise  it  will  csc3-pe 
and  make  more  collisions  t'diich  can  lead  to  retention.  If  it  lias  an  energy  "below  ' 

'i'  it  cannot  react  in  the  subsequent  collisions  and  will  be  ejctractable  with  water. 

If  a  particle  of  mass  M  and  energy  Ei  undergoes  a  "billiard  ball"  collision 
with  a  stationary  particle  of  mass  m,  the  energy  of  the  initial  particle  after 
collision  will  be  given  by 

(2)  1C  =  E  +  rn^  +  2MmcosQ 

f  i 

^diere©is  the  angle  of  scattering  in  the  center-of-mass  system.  Further,  since 
the  scattering  is  spherically  symmetric  in  the  center-of-mass  system,  the  prot- 
bability  of  an  angle  0  is  given  by  the  solid  angle  at  0 

(3)  P(  0  )d  0  =l/2sin  0  d  0 

By  combining  (2)  and  (3)  it  can  be  seen  tliat  the  probability  of  a  particle  with 
energy  E^^  to  have  an  energy  E  after  collision  is  given  by 

(4)  P(E)dE=  dE  V  =  (M-m)^ 

(l-7)Ei'  (M+m)^ 

and  is  independent  of  E,  This  means  there  is  uniform  probability  of  the  particle 

having  any  enorgj'  between  E^  and  Y  Ej_.  It  is  also  clear  that  an  atom  with  ah 

energy  greater  than  ^  cannot  be  cooled  belov,'  Y'  in  a  collision  with  an  atom  of 

Y 

mass  consistent  with  Y.  If  the  energy  is  less  than  v  but  greater  than  v  ,  the 
probability  of  the  energy  falling  bolo'A'  v  in  a  collision  is  evidently 

(5)  v-YE 

B(1-Y) 

Thus  the  masses  of  the  atoms  will  have  a  decisive  influence  upon  the  form  of  1T(e). 

To  illustrate  this  and  its  consequeiicos  we  shall  treat  four  cases* 

Case  I  -Pure  CCl 
— - -  ^ 

If  we  consider  the  collisions  to  he  only  with  Cl  atoms  and  express  the 
steady  state  condition,  we  get 


(6)  iM(Ei)dEi  =  6  (?.i-Ec)dii+  /°i'C.:)  ^  dS 

E,  B 

2he  term  on  the  left  represents  the  nvimher  of  atoms  leaving  the  energy  range 
Ej.  to  El  +  dE,  per  unit  time,  and  the  second  term  on  the  right  gives  the  number 
of  atoms  entering  this  energy  range  from  higher  energies  per  unit  time.  The  first 
term  on  the  right  is  a  Dirac  Delta  function  and  represents  the  source  of  hot 
atoms  at  an  energy  E^.  (Bor  simplicity  v/e  shall  assume  that  this  is  a  given 
energj'’  level  of  essentially  no  vidtb.)  This  function  vanishes  for  all  values  of 
B  different  from  Eq  and  becomes  infinite  at  E=Ep,  with  the  area  under  the  function 
being  unity.  Expression  (b)  readil3’-  j’-ields  the  solution 

(7)  D(Ei)  =5(Bi-Eq)  +  ].  (normalised  to  one  hot  atom  formed  per  unit 

time.) 

Case  II  COl^-SiOl^ 

If  we  again  consider  onlj’-  collisions  with  Cl  atoms  the  result  is  identical 
with  Case  I. 

Case  III  OCl^-? 

The  ”  ?'*  represents  a  diluent  for  whose  atoms  *  hence  anj'  one 

V 

collision  vdth  the  diluent  can  remove  the  Cl  atom  from  the  reactive  range  of 

energies.  The  steady  state  condition  applied  here  gives 

(S)  D(Ei)  (3Ei  =  5(Ei-EQ)dEi+  pi  D(E)^idB  +  l^Z  ^  l'(B)dE,  dS 

S  1"“Y  E 

The  term  on  the  left  and  the  first  term  on  the  right  have  the  same  significance 

as  in  (6),  the  second  and  third  terms  on  the  right  represent  the  slowing  dovnti  of 

Cl  atoms  by  CCl^^and  the  diluent  respectively/.  BcLuation  (S)  has  the  solution 

5~PY 
1-Y  1 

El 

Case  IV  CCl^-CgHj^2 

There  are  collisions  of  the  hot  Cl  atoms  v'ith  Cl  and  II  atoms,  but  in 


(9)  i^(Di)  =  b  (Ei-Bq)  +  1^  f  E\ 

1-Y  IBj^/ 
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collisions  with  the  latter  only  a  small  part  of  the  energy  of  the  hot  Cl  atom  can 


he  transferred.  In  this  system  the  steady  state  condition  is 

(10)  =  6(Ei-Ep)dEi  +  P  /  P(E)dBTcgi  +  i.-?  /  ii(s)^  dE 


It  is  important  to  realize  that  the  upper  limit  of  the  second  integral  on  the 

right  becomes  Ep  if  This  physical  aspect  of  the  problem  makes  it 

n-1  n 

necessary  to  solve  (lO)  in  regions,  i.e,  Ep-YSp.YEp-Y^Eo,  . .  .Y  Ep-YEo,... 

The  solution  in  any  of  these  intervals  will  depend  upon  the  solutions  in  the 
preceding  intervals.  This  method  of  solution  of  (lO)  for  the  Cl-H  atom  system 
involves  about  fifty  intervals  and  therefore  will  not  be  undertaken  at  this  time, 
Eor  the  moment  we  will  taice  an  asymptotic  solution,  ’..'hich,  as  nlll  bD  dis¬ 


cussed  in  detail  belovr,  gives  the  correct  form  of  R  as  a  function  of  P.  Hence 
we  can  write  as  a  first  ap-'-rozimation  to  the  solution  of  (lO) 


(11)  i*(Il  )  =  6  (Ei-Ep)  +  1  /  __1 _ 

1  Vp+(i-p)(i-y)  / 


According  to  the  criteria  outlined  obove  for  the.  exchange  of  a  hot  'Cl  atom 
with  CGI4.  in  a  collision^  the  energy  of  the  Cl  atom  mia<5t  fall  from  a  value 
greater  than  V  to  one  belov.^  the  energy  ^  necessary  to  penetrate  the  liquid  cage. 
Using  these  criteria  it  is  possible  to  express  the  retention  in  another  way,  viz. 
the  number  of  atoms  with  energies  falling  belov/  v  per  unit  time  due  to  collisions 
v'ith  Cl  atoms  in  CGl^  divided  by  the  number  of  atoms  vrith  energy  falling  below 
.^^'^•per  unit  time  as  a  consequence  of  any  possible  kind  of  collision.  At  stead^^ 
state  this  lattep  quantity  must  be  equal  to  the  number  of  active  atoms  formed 
in  unit  time.  Hence,  in  the  two  component  systems  we  have  mentioned,  the  re¬ 
tention  can  be  written  a.s 

7p 

(12)  R=  p4ll(S)  |dE 

Using  (7),  (SO,  (11),  and  (12)  E  can  immediately  be  written  dovm  for  the  four 
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cases  of  interest# 


(13)  Case  I  E  =  e/v 

(14)  Case  n  E  =  P£/v 

(15)  Case  III  R  =  P  j 

V  W  / 

(16)  Case  I?  E  =  P  j  (_! _ )  for  1  «<  1 

y  (P+(1-P)(l-Y))  E  V 

The  last  three  cases  are  plotted  in  Pig.  1.*  '  There  it  is  seen  that  the  diluent 

that  is  most  efficient  for  cooling  the  hot  01  atoms  is  also  the  most  efficient 

in  lowering  the  retention.  It  is  evident  that  diluents  that  differ  in  mass  from 

the  Cl  atoms  can  effectively  reduce  the  prohehility  of  collision  with  CCl^,  hut 

they  also  increase  the  numiber  of  collisions  per  unit  energy  interval  and  hence 

cannot  reduce  the  retention  hy  a  factor  P,  hut  instead  hy  a  smaller  amount. 

Therefore  all  curves  of  the  type  given  in  Pig.  1  must  he  concave  dovmward  for 

diltients  that  differ  in  mass  from  the  hot  .atom.  Indeed,  as  the  mass  of  the 

diluent  approa,ches  cither  zero  or  infinity  this  family  of  curve  approaches  a 

horizontal  lino  at  E  _v  =  1. 

e 

Erperiraents 

Experimontap,  verification  of  the  prediction  for  this  model  was  sought  hy 
investigating  the  retention  of  Cl  activity  in  CCl  as  a  function  of  composition 

4 

in  two  binary  systems  COl^  ~SiCl^  and  GOl^  Some  preliminary  results 

will  he  presented. 

Case  II  OCl  -Si Cl 
-  4  4 

The  solutions  were  prepared  in  vacuum  and  homharded  with  neutrons  from  the 
Columhia  cyclotron  in  sealed  containers.  After  irradiation  the  solution  V\fas 


Slowly  dropped  into  a  concentra,tod  EaOH  solution;  thus  the  SiCl  was  hydrolyzed 

4 

*Por  case  III  Y  v'as  taken  eajual  to  0.01  and  E^  /v=  100. 

Por  case  IV  Y  v.'as  taken  equal  to  O.9. 
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Figure  3  Figure  4  Figure  5 


and  the  linhomd  active  01  extracted- from  the  COl  .  'Any  01  activity  that  was 

4 

ahsorhcd  on  the  vrall  of  the  container  vmis  recovered  hy  a  rinse  of  the  container 
with  a  strongly  alko.line  aqueous  solution.  The  organic  and  aqueous  phases  were 
then  separated  and  diluted  to  a  knovm  volume.  The  two  liquids  (organic  and 
aqueous)  were  counted  in  thin  walled  jackets  placed  around  an  ordinary  silverod- 
glass  thinwall  counter.  The  counting  rate  was  corrected  for  the  inevitable  dif¬ 
ferences  among  the  fackets  and  for  the  density  of  the  solution  heing  counted. 

The  results  are  given  graphically  in  I'ig.  2,  where  the  retention  at  mol  fraction 
H  of  COl  divided  hy  the  retention  of  pure  COl  is  plotted  vs,  N.  It  remains 

4  4 

to  transform  from  the  variable  E  to  the  variable  P,  To  do  this  the  relative 
magnitude  of  the  collision  cross  section  of  01  atoms  in  SiCl^  and  CCl^  must  bo 
knovm.  Prom  (l4)  it  can  be  shovm  that  this  quantity  is  equal  to  the  slope  at 
the  intercept  divided  by  the  intercept  of  a  plot  of  1/R  vs,  mol  fraction  SiCl  / 
mol  fraction  001  ,  The  value  is  found  to  be  1,96.  By  use  of  this  number  to 

•  4 

calculate  P  from  IT,  the  points  in  Pig.  3  s-^e  obtained.  The  experimental  points 
in  Pig.  3  sliov;  fair  agreement  v;ith  the  straight  line  that  represents  the  prediction 
of  equation  (l4). 

Case  IV  001  -0  H 

- -  4  6-13 

The  solutions  of  known  concentration  were  prepared  in  soft  glass  bottles  by 

the  addition  of  measured  volumes  of  the  two  components.  After  irradiation  6f 

ITaOH  Vims  added  and  the  mixture  thoroughly  agitated,  thereby  extracting  unreacted 

01  from  the  organic  phase  and  adsorbed  activity  from  the  wall.  After  separation 

of  the  phases  OH  01  was  added  to  the  organic  phase  and  this  organic  solution 
6  XI 

was  fractionated.  The  bound  activity  vms  hence  separated  into  two  fractions, 

one  of  which  was  COl  and  the  other  a  higher  boiling  fraction.  (The  higher 

4 

boiling  active  fraction  has  been  tentatively  identified  as  indeed  being  cyclo- 
hexylchloride. )  The  counting  of  the  three  liquids  was  done  in  the  same  vi^ay  as 
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described  above.  The  resul-ts  are  given  in  Jig.  4  vrhere  (A)  the  total  retention, 

(b)  the  retention  as  CCl  ,  and  (O)  the  retention  as  higher  boiling  componnds  are 

4 

all  plotted  vs,  mol  fraction  OCl  .  The  dotted  portions  of  the  curve  arc  interpo** 
lated  to  the  situation  that  exists  for  pure  CCl  .  These  data  illustrate  strikingly 
that  small  q.uantities  of  cyclohexane  are  very  efficient  in  lov/ering  the  retention. 
This  is  inconsistent  with  the  predictions  given  above.  Jurther,  it  is  to  be 
noted  that  the  decrease  in  retention  of  active  Cl  atoms  by  CCl  is  not  completely 

4 

compensated  for  by  the  reaction  of  01  atoms  with  cyclohexane  to  giye  unextractable 
organic  halides.  In  this  connection,  it  is  interesting  to  see  that  the  fraction 
of  the  active  atoms  forming  cyclohexylchloridc  seems  to  be  essentially  independent 
of  the  composition  of  the  bombarded  solution  over  a  largo  range  of  concentrations. 
If  the  data  on  this  system  arc  treated  in  the  same  manner  as  the  SiCl  -CCl 

4  4 

system  in  connection  with  the  relative  cross  sections  of  these  Wo  compounds,  it 
is  found  that  the  cross  sectioh  of  cyclohexane  is  6,25  times  that  of  carbon 
tetrachloride.  Using  this  number  to  transform  from  II  to  P,  the  curve  in  Pig.  5 
is  obtained.  The  linearity  of  the  experimental  points  is  quite  apparent.  However, 
it  must  be  pointed  out  that  this  line  extrapolates  to  a  value  that  represents 
only  about  g,  the  retention  of  pure  carbon  tetrachloride. 

A  comparison  of  the  qiiantities  in  (l)  with  the  experimental  results  can 
lead  to  the  conclusion  that  1'(E)  mu.st  be  diminished  in  the  region  of  energy  v;here 
w(E)  makes  its  predominant  contribution.  Even  with  the  abandonment  of  the 
billiard  ball*’  collision  idea,  it  is  not  easy  to  see  hovr  small  quantities  of 
cyclohexane  can  diminish  IT(E)  so  markedly  v.nlcss  the  notion  of  chemical  capture 
of  the  Cl  atoms  b^’'  cyclohexane  is  introduced.  This  reaction  could  be  of  the 
follovring  well  known  sort 

(17)  Cl  +  E-H  HCl  +  E*  (E‘  represents  a  free  radical.) 

if  this  reaction  occurs  with  good  efficiency  for  Cl  atoms  with  an  energy  higher 
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than  that  where  w  (E)  is  large,  then  the  rapid  reduction  in  retention  is  to  he 

expected.  This  approach  can  ho  treated  rnathcmtically  hy  using  essentially  the 

same  mathematical  apparatus  as  illustrated  above  except  that  a  term  corresponding 

to  chemical  capt^ire  must  he  introduced  and  w(E)  must  he  modified.  (A  capture  term 

has  to  he  added  to  the  term  for  the  ”  hilliard  hall*'  collisions  to  calculate 

iI(E),  and  w(E)  is  said  to  he  a  constant  over  some  energy  range  and  zero  elsewhere.) 

The  result  of  this  treatment  is  a  retention  curve  that  can  fall  off  as  rapidly  as 

is  desired  hy  adjusting  the  many  parameters  available.  But  the  curve  is  certainly 

concave  upwards  instead  of  dow'nwards. 

There  is  another  approach  that  is  at  least  qualitatively  consistent  vdth 

the  data.  This  treatment  asserts  that  the  numher  of  collisions  made  hy  Cl  atoms 

in  the  energy  range  in  which  exchange  can  occur  is  independent  of  the  composition 

of  the  solution.  If  we  take  0.01  as  the  prohahility  of  the  reaction  in  any  one 

of  these  collisions,  then  to  ho  consistent  with  the  retention  of  pure  COl  the 

numher  of  collisions  in  this  range  cones  out  to  ho  about  seven.  Wien  cyclohexane 

is  added,  if  it  is  then  asserted  that  reaction  (l?)  occurs  with  a  greater  proha- 
< 

hility  per  collision  in  this  energy  range  than  0.01,  the  retention  as  COl  is 

4 

again  decreased  quite  rapidly.  These  simple  considerations  give  for  the  retention 

(18)  E=  [1.— (1-Pw,  -(1->P)W  ) _ 

®  P¥i  +(1-P)¥2 

Vf-,  is  the  prohahility  of  reaction  of  Cl  with  OCl  per  collision,  W  is  the 
prolDability  of  reaction  with  cyclohexane  par  collision,  and  i]  is  the  numher  of 
collisions  made  hy  01  atoms  in  the  energy  range  in  which  reaction  can  occur. 

Reference 

(l)  ¥.  E,  Lihhy,  J.A.C.S.,  2523(1947). 


CHEMIOAIi  COlTSEQUll'CES  OE  THE  (n,V)  PROCESS 
EOR  GASEOUS  BROHIDBE 


R.  R.  Williams  and  W.  E.  Hamill* 

This  work  is  a  preliminary  survey  and  conclusions  are  tentative.  It  v.'as 
our  intention  to  repeat  and  verify  part  of  Suess's  work  hofore  progressing  to 
other  related  investigations  of  the  (n^Y)  process  for  ga,scous  "bromides. 

Eor  neutron  "bom'bardncnt  a  3OO  me  Ea~Bc  source,  with  p.araffin  modcra,tor,  was 


centrally  located  within  a  2,51  soft-glass  "bottle  stirrounded  "by  water  and  shielded 

from  light.  The  bottle  was  connected,  by  rubber  stopper  to  a  simple  vacuum  line 

with  mercury  manometer.  Exposures  lasted  10  min.  unless  othcrvrisc  stated. 

Esqposed  samples  vrere  condensed  into  a  flask,  containing  measured  amo\mts  of  viator 

and.  ethyl  bromide  as  required  to  bring  each  phase  to  approx.  3*5  volume,  and 

provided  with  a  ground  joint  and  stopcock.  The  flask  was  removed  from  the  line, 

the  contents  were  melted  and  well  s'nakcn,  and  each  layer  counted  in  a  ja.ckotcd 

G-H  tube.  Background  averaged  approx.  100  cpra  (due  to  the  exposed  source)  and 

sample  counts  avcra,gcd  I5OO  d.uring  4  min.  (•'-'300  cpm  above  ba.ckground. )  The 

jacket  was  rinsed  with  ethanol  after  removal  of  each  sample.  All  count  rates 

were  extrapolated  to  the  tine  of  removal  from  the  source  and  corrected  to  a 

common  volume  and  density  of  liquid,  sample.  The  major  gaseous  component  was 

alv/ays  added  last  to  purge  the  line  of  minor  components,  Prossurcs  refer  to 

those  prevailing  in  the  2.5- •  bottle,  lAatheson  0  H  and  HBr  were  tv/ico  frozen 

s  4 

e.nd  pumped  on  the  line.  Eastman-Eodak  pure  ethyl  bromide  was  similarly  treated, 
then  distilled  from  P  0  . 


2  6 

In  the  scries  ”  Et  Br”  (Eig.  6),  Phbj.  •  =  4S  -  50tn'^i  I’EtBr  =  1^0-190  mm. 


Tri  varies  as  shown.  I 

O3  H4 

mm,  P«  „  varies  as  shown. 
C3n4 


n  the  scries  ”  KBr'"  (Eig. 6)  =  4-6  mm,  17O-I9O 

During  neutron  bombardment  the  temperature  of  the 


sample  was  20  -  25°C. 


?;« Department  of  Chemistry,  "University  of  Hotro  Dame 


Our  kinetic  treatment  is  based  upon  Suess's,  but  explicitly  includes  the 
(n,V)  process  in  steps  6,  7  and  retains  all  terms  in  (HBr).  he  postulate  that 
the  processes  1-7  are  necessary  and  sufficient  to  account  for  our  present  results, 
In  these  eq^uations  A  refers  to  0.^^^  or  CnH^,  S*  refers  to  CgHgBr*  or  CgHgBr* 

HBr  +  Br*  ^  HBr  * 


A  +  Er* 


ho  .  * 

ABr 

«- 

k3 


ABr  *  +  HBr  ^  AHBr  * 
ks 

ABr  •  +  HBr  ^  ABr  +  HBr ' 


k,  H  +  Br' 


dS7dt  =  k^(Ar.r  *)(HI;r) 

dHBr  */dt  =  kj^ (Br *) (HBr)  +  kp(E3r)  +  k5(A?r  )(HBr) 

(ABr  »)  =  (A )  (Br  *) 

kg  +  (k^+  kg)(HBr) 

dBr ‘/dt  ^  0  =  k^(?Sr)  +  k3(ABr*)  -k^  (Br* )  (HBr)  -k3(A)(3r*) 

(Br-JS-)  ==  _  k? (HBr) _ 

k2TA)''+  ki(H3r),-  k»k,(A) _ 

k3+(k4+  kg) (HBr) 

S*  =  k^kH(A)/[ka+  (k^+  k^J(JaBr).J _ 

EBr*^  kp,ka(A) _ ,  ,  kaU)  +  ki(H3r)  -  kr-iks(i 


k3.+  k^i-^T^^'dBr) 

^ _ {kh _ 

R  =  ^  Isa.)  ksKi 


3"''lkA+  ksJlKBr, 


E3r  k,i  I  1,7/  V  1-^  /  k.  V  k-  k„ 


^  k^  V  ky  kg  ky 


h  -  B  =  jhl-OlAlLkal 

kok.  ’  h>,k. 


,  a  -  ^ 


0— 


(A)/R  =  [b  +  3(H3r)]  (l  +  p)  +  M(l+  p+  P/M) (A) 


Prom  some  of  our  experiments  at  constant  (A)  and  variable  (HBr)  vre  find, 
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contrary  to  Suess,  that  P  £  0.027,  I’-Ot  zero.  Using  this  constant  with  the 
results  which  appear  in  Jig.  6  v,’0  have  (expressing  concentrations  in  pressure 
units) 

for  the  series  ”  Bt  Br”,  (H3r)  =  5*^  mra,  b  =  S.J 
for  the  series  ’’EBr”  ,  (HEr)  -1^5  ^  “  8.0* 

a\’-eragc  b  =  8.4 


Assuning  P=  0  for  the  series  ”  Et  Br” 

(.  1+ P„. =  Oiii  j  p  =  O-Ugg 

II  0.205  ^  ® 

If  the  (n,Y)  process  fails  to  rupture  the  II3r  bond  in  1/10  of  all  eases  for 
Br^®  (ISm.)  it  is  possible  that  one  raa-y  obtain  a  different  rosxxlt  for  Br®^ 

(4*5  ^0  or  Br®®*  VJe  have  tested  only  the  forrior  possibility* 

Usin^^  the  procedure  described  above  v/c  pcrforricd  t\i^o  additional  experiments* 
In  the  first  wo  introduced  of  Et  Br,  of  C  H  >  3^6  and  in  the 

2  4 

second  6nm  of  Et  3r>  of  C  E  and  4l5mn  of  E3r.  Both  samples  v/arc  exposed 

4 

to  the  source  for  6l  min*  Prom  the  first  obtained  for  the  ratio  of  the 
counting  rates  at  an  arbitrary  zero  time  referred  to  the  end  of  exposure 
£2P--ClJ.a.).  =  IS.  7 

cpm  (4.5h) 

using  tho  aqixGotis  layer,  Eron  the  second  ve  obtained,  similarly, 


9m.  ClSn).  =  15.8  (see  Fig.  ?)  = 
cpn  (4.5h) 


Fron  the  ratio  of  those  ratios  we  have 

i  cpra(l8r:i) 


fepm  (l8n)  1 
[^epn  (4.5h)|  Aqucoxis 


cpn(4.5h) 


Organic 


=  (A)/R 


4  *  S-L 


(A)/E 


IBm. 


Q.ualitativolj'’  it  is  evident  that  p 


'len.  4,6h 

{-This  figure  is  a  second  approximation,  anticipating  the  result  p  =  0,OS5« 


Considering  the  poor  precision  of  the  **  St  Br*'  and  •  HBr*  series  of  esperiments, 

we  can  only  expect  qualitative  agreement  hetween  the  two  typos  of  experiment. 

Vfe  find  adequate  agreement  hy  choosing,,  as  a  minlniuin  «  “0  and  so  nrcdict 

P4,6h 

the  ratio  of  Counting  rate  ratios  as'l>.23  which  agrees  adequately  with  the 
experimental  ratio  18,7  s:  i,ig 

15. S 


Summary 

There  is  evidence,  based  upon  kinetic  postulates,  for  failure  to  rupture 
the  HBr  bond  during  the  (  n.Y)  process  forming  Br®®(lSm)  in  a  small  fraction  of 
such  events.  Corroborative  evidence,  independent  of  any  kinetic  postulates, 
follows  from  the  experimental  fact  of  unequal  Br®°(lSra)  /Er®°(4,5h)  ratios 
for  different  chemical  species.  Wo  do  not  find  it  necessary  to  attribute  ex¬ 
ceptionally  high  energies  or  durations  to  atomic  Br®°  as  a  reactant  in  the  gas 
phases 


-31- 


-■  ■■  ■■  the” HOT  ATOM  CHEMISTHY  OF  PEOm' BROMIDE 5'-- 

Lewis  Fricdrian*"'"  and  ¥.  E.  Lit’oy''"''"''' 

Abstract 

The  chemical  effects  of  the  recoil  from  the  capture  gamma  radiation 
produced  by  the  (n,V)  reaction  on  bromine  Si  in  both  'normal  and  isopropyl 
bromides  have  been  investigated.  It  is  found  that  the  principal  part  of  the 
radiobromine  resisting  aqueous  extraction,  that  is,  organically,  combined,  is 
propyl  bromide,  The  ratio  of  normal  to  isopropyl  bromide  formed  by  irradiation 
of  either  normal  or  isopropyl  bromide  is  found  to  be  about  2.5,  The  irradiation 
of  propyl  bromide  cooled  to  liquid  nitrogen  temperatures  produced  no  change  in. 
the  yield  of  normal  and  isopropyl  radiobromides,  as  compared  with  the  results 
for  the  liquids  at  room  temperature.  In  direct  contrast,  hov;cvcr,  the  yield 
of  the  dibromidos  requiring  hydrogen  substitution  was  much  larger  in  the  case 
of  the  low  temperature  solid,  the  percentage  yield  of  dibrom  rising  about  three¬ 
fold.  These  results  arc  interpreted  as  evidence  that  the  bromine  substitution  is 
a  reaction  occurring  largely  in  the  energy  range  where  the  chemical  bonds  in¬ 
volved  are  negligible,  and  that  the  hydrogen  siibstitution  occurs  in  the  lower 
energy  range  whore  the  recoiling  bromine  atoms  collide  with  the  molecule  as  a 
whole  in  an  inelastic  manner  rather  than  with  a  single  atom,  as  is  postulated  in 
the  high  energy  range.  The  difference  in  teraperature  dependence  of  the  two 
types  of  substitution  reaction  would  appear  to  arise  from  the  difference  in 
m.agnitudo  of  the  energies  involved.  The  fact  that  the  irradiation  of  isopropyl 
bromide  produces  2.4  times  as  much  normal  bromide  as  iso  bromide,  and  the  same 

-"-This  work  v^e-s  assisted  by  the  Office  of  jJaval  Research  under  Task  Order  III 
of  Contract  ir6ori20  with  the  University  of  Chicago. 

-:H}-iiow  at  the  Brookli.avon  Hational  Laboratory,  Chemistry  Division, 

■shh:- Institute  for  Fuclear  Studies,  University  of  Chicago, 
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relative  anounts  are  oljscrvcd  In  the  Irradiation  of  nornal  propyl  'bronido,  Is 
taken  as  further  evidence  of  the  cztrcnoly  cnor,2Ctic  nature  of  the  hronino  sub¬ 
stitution  reaction,  the  free  radical  apparently  having  sufficient  energy  to 
isoncrizG  before  reconbination  occurs  in  the  solvent  "  cage’*. 

Introduction 

She  capture  of  a  siw  neutron  by  bronine  Si  to  form  bromine  82 

involves  the  emission  of  the  order  of  8  million  volts  energy  as  gamma  radiation 
nearly  instantaneously.  It  is  not  known  whether  t?^is  energy  is  emitted  in  the 
form  of  one  g.anma  ray  or  whether  there  are  several  involved.  If  one  is  involved 
the  recoiling  bromine  will  possess  an  energy  of  aboiat  420  electron  volts.  If  a 
cascading  process  occurs  the  recoil  energy  v,dll  vary  between  this  limit  and  zero, 
the  chance  of  zero  recoil  cnergj'  being  extremely  small  unless  a  very  large  number 
of  gamma  rays  a-ro  involved  in  the  ca.scc,dc.  It  is  well  knovm  tha,t  the  radiobrominc 
•atoms  'arc  ejected  from  the  molecules  in  which  they  resided  before  the  neutron 
c-r.pturc  la,b,c,d,e,f ^  evidence  being  that  the  irr.adiation  of  a  liquid  organic 

halide  a.llows  .about  half  of  the  radiohalidc  to  be  extracted  into  an  aqueous 
solution  i^’b,c..^  that  the  irradiation  of  a  g.asoous  organic  halide  allows  the 
cxtra-ction  of  over  5^5^10,0,1  ^  irradiation  of  -a  dilute  solution  of 

an  orga.nic  halide  in  an  org.anic  solvent  reduces  the  fraction  of  the  radiohalide 
found  in  the  mother  molecule  to  zero  as  the  concentration  is  deercasod^'’’ The 
mechanism  by  which  the  radioOvCtivc  halogen  atoms  arc  reincorpor-atod  into  org.anic 
molecules  may  be  of  considerable  interest  both  in  radiochenistry  and  indirectly 
in  chemical  kinetics.  It  has  boon  proposed  ld,o,2  .tlic  broad  features  of 

this  tj’pc  of  reaction  can  be  explained  by  a  nochanisn  which  considers  the  chemicaA 
bonds  to  be  of  strength  negligible  v,dth  respect  to  the  energy  of  the  recoiling 
bror-.inc  atom,  and  that  the  rc-ontrj’’  process  consists  of  an  esscnti.ally  head-on 
collision  of  the  recoiling  bromine  atom  with  a  bound  bromine  atom,  the  ra.dio- 
activc  bromine  ^tom  transferring  its 
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noncntnn  nearly  conplotoly  to  the  inactive  aton  and  ‘boing  itself  loft  with  a 
relatively  snail  energy  in  the  innediato  vicinity  of  the  free  radical  formed  hy 
the  removal  of  the  non-radioactive  atom,  "both  the  free  radical  a;nd  the  radio— 
hronine  atom  being  contained  in  the  sane  solvent  ’’cage ”3  and  boing  free  to  recom¬ 
bine,  v/ith  a  dissipation  of  their  excess  energy  to  the  solvent  through  the  cage» 
Substitution  for  hydrogen  atoms  in  an  organic  halide  has  been  explained  as 
occurring  near  the  end  of  the  range  of  the  recoiling  bromine  atom,  v;horc  the 
energy  is  still  soncv.dmt  larger  than  the  chemical  bond  energy  but  not  a  great 
deal  larger^  that  is,  the  energy  is  sufficient  to  cause  both  to  rupture,  but  is 
insufficient  to  vrarrant  trea-tment  of  the  collision  as  a  process  occurring 
essentially  bctv;ccn  free  atoms.  This  allov;s  the  molecule  as  a  whole  to  act  in 
an  inelastic  manner  to  stop  the  radiobronino  atom  in  the  same  solvent  •'  cage '"and 
to  itself  dissociate,  for  example,  by  losing  a  hydrogen  atom,  the  whole  process 
resulting  in  a  replacement  of  hydrogen  by  bromine  to  form  a  more  highly  halogcnated 
product.  This  tj’pe  of  process  can  be  dominant  apparently  when  the  medium  contains 
a  very  low  concentration  of  either  combined  or  free  halogen,  ns  Ecid^  has  shown 
by  studying  very  dilute  soltitions  of  iodine  in  pentane  and  establishing  that  3^^ 
of  the  radioiodino  appears  as  anyl  iodide.  This  result  has  boon  confirmed  in  this 
la.boratory  by  Mr.  V'.  E,  Johnston,  v/ho  fotind  37^  under  similar  conditions  and 
observed  that  no  significant  decrease  in  iodine  titre  occurred,  A  similar  ex¬ 
periment  with  0.10  gms  of  Br^  in  100  cc  of  liq.uid  pentane  was  performed,  and  a 
retention  of  3^  observed.  The  yields  of  hydorgen  substitution  products  reported 

in  the  literature  for  the  organic  halides  in  general  arc  considerably  less  than 
\ 

this,  though  they  vary  v4th  experimental  conditions,  as  we  shall  see  later  in 
this  paper.  It  appears  therefore  to  be  ncccssa,ry  to  explain  the  increase  in 
effectiveness  of  the  hydrogen,  substitution  reaction  with  diminution  in  halogen 
concentration.  Such  an  explanation  seems  to  follow  from  the  oollisional  type  of 
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theory  referred  to  above.  Accordins^  to  this  theory  hydrogen  entry  can  occur 
only  for  those  halogen  atons  which  possess  an  energy  hetween  one  and  several 
tines  the  bond  energj?-.  If  there  arc  no  halogen  atons  in  the  solution,  energy 
loss  occurs  entirely  by  collisions  with  nuch  lighter  atons,  so  that  every  halogen 
aton  will  novc  through  this  critical  energy  range,  thereby  having  an  opportunity 
to  substitute  by  the  inelastic  nolccultar  collision  ncchanisn  described.  If* 
however,  o,n  appreciable  fraction  of  the  cooling  collisions  occur  with  atons  of 
equal  nass,  the  chance  of  the  atons  junping  discontinuously  through  this  energy 
interval  is  appreciable,  and  the  result  is  a  considerable  fraction  of  the  atons 
having  no  opportunity  for  hydrogen  substitution.  The  viiolo  problcn  is  analogous 
to  that  of  resonance  capture  in  neutron  physics. 

In  addition  to  t3icso  processes  in  the  hot  or  high  energy  range  and  in  the 
1  to  4  or  5  chencial  bond  cnorgj^  range,  v/hich  wo  night  call  •'  cpithcrnal”  in 
analogy  to  the  neutron  nononclaturc ,  v;o  nay  have  reactions  proceeding  in  the 
thernal  range  hotwcon  the  solution  and  those  halogen  atons  which  do  mnago  to 
enter  the  thernal  range  without  chcnical  conbination,  i.c.,  halogen  atons  are 
notoriously  reactive  and  the  possibilities  of  their  conbining  vrith  irpuritics, 
walls,  and  the  principal  species  in  the  solution  nay  be  considerable,  and  care 
nust  bo  tahen  ixi  work  in  the  field  of  hot  aton  chenistry  to  gqaard  against  nis.- 
intorpreting  such  phononona  a,s  occurring  in  the  hot  or  epithcrrml  ranges.  A 
further  tj’po  of  reaction  which  is  not  characteristic  of  or  to  be  attributed 
directly  to  the  hot  or  cpithornal  chonistry  is  the  type  of  reaction  discovered 
by  Sugden^,  in  \fhich  the  addition  of  snail  anounts  of  aniline  to  an  organic 
halide  greatly  reduced  the  retention  in  organic  forns.  This  has  been  inter¬ 
preted^^’  as  a  reaction  bctvrcon  the  czeited,  rofornod  organic  halide  and 
aniline  present  in  the  solution  in  such  conccntrcations  as  to  have  a  good  chance 
of  collision  vdth  the  ozeitod  organic  halide  before  it  cools.  It  is  to  be 


cjcpccted  that  this  tj'pc  of  reaction  vdll  he  found  to  he  quite  connon.  Porttma-te- 
ly,  the  result  can  generally  he  predicted  hy  ozporinents  with  macroscopic 
quantitihs,  for  example j  the  ability  of  aniline  to  react  with  organic  halides 
to  form  aniloniun  salts  in  v^hich  the  halogen  is  ionically  hound  is  well  knom. 
This  reaction  is  knoTO  to  occur  at  elevated  teriperaturcs  in  ordinary  organic 
systems.  In  addition,  a  third  type  of  essentially  thermal  reaction  which  must 
he  home  in  mind  in  the  interpretation  of  experiments  on  hot  atom  chemistry  is 
thermal  exchange  reactions  between  halogen  atoms  and  organic  halides.  It  is 
probable  that  in  most  cases  studied  so  far  this  effect  has  been  negligible,  hut 
it  is  not  unlikely  that  in  certain  cases,  for  example  the  benzyl  or  allyl  halides, 
this  effect  will  he  expected  to  ho  serious. 

The  present  research  was  undertaken  to  elucidate  some  of  the  doubtful  points 
in  the  theoretical  structure  described  above.  The  3^“’hour  bromine  activity  was 
selected  bccaxxse  of  its  convenient  half  life,  and  the  availability  and  stability 
of  the  organic  bromides.  The  propyl  bromides  were  selected  from  the  various 
organic  bromides  for  the  case  of  separa-tion  of  the  products  by  distillation 
techniqiies,  at  the  sane  time  retaining  the  possibility  of  isomerization. 
Experimental 

Pure  normal  propyl  bromide  and  isopropyl  bromide  samples  wore  obtained 
from  Paragon  Testing  Laboratorj!".  Those  vqtc  redistilled  and  their  rcfra.ctive 
indices  found  to  check  with  those  for  the  pure  products  within  1  part  per  ton 
thousand.  The  irradiations  wore  conducted  in  5*^0  cc  soft  glass  bottles  near  the 
cyclotron  target  with  an  intervening  10  cm.  of  paraffin  fat  neutron  moderation, 
and  2  inches  of  lead  to  olininatc  radiochemical  effects  due  to  gamma  radiation. 
Exposures  usually  lasted  one  hour,  at  a  mean  flux  of  about  10®  thermal  neutrons 
per  square  centimeter  per  second.  The  bean  current  on  the  cyclotron  usually 
averaged  20  microamperes.  A  beryllium  target  was  used.  The  bottle  vias  ; 
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approximately  IS  inches  from  the  target.  After  exposure,  the  samples  were  re¬ 
turned  inncdiatcly  to  the  chcnical  laboratory  and  extracted  vathin  5  rainutes 
with  aqueous  sulfite  containing  'broriido  carrier,  after  which  25  cc  of  the 
irradiated  liquid  wa-s  nixed  v/ith  25  cc  of  the  mono  hron  isoraer,  25  cc  of  the 
1,2-diDron  propane,  and  25  cc  of  the  1,3  dihron  propane.  The  distillation  was 
conducted  by  taking  niddle  cuts  of  10  cc  for  each  of  the  4  constituents.  The 
1,  1  and  2,  2-dibron  propancs  were  not  added  and  apparently  were  not  fornod  in 
s,ny  a,pprociable  yield  because  the  mterial  balance  obtained  for  the  radiobronine 
in  the  four  cuts  listed  accounted  within  the  accuracy  for  the  entire  radiobronine 
content  of  the  organic  fraction  left  after  the  aqueous  extraction.  The  boiling 
points  of  the  1,1  and  2,2  cor.pounds  arc  sufficiently  different  to  insure  their 
not  being  included  in  the  center  cuts  for  the  four  conpound.s  used.  The  radio¬ 
activity  neasurenents  \;crc  nadc  with  a  standard  type  of  liquid  cell  counter, 

10  cc  of  liquid  being  rie.asured.  Precautions  were  taken  to  allow  the  18  minute 
and  4.5  hour  bromine  activities  to  dcca,y,  and  a,  lea.d  shield  of  2  mn  thickness 
was  used  as  a  combination  -absorber  of  the  IS  minute  ra.diation  and  r-adiator  for 
the  34  hour  gamma  ra.diation,  for  those  experiments  where  the  decay  period,  liras 
in  sufficient.  Measurcr.cnt  of  the  rate  of  decay  of  the  radioa-ctivity  showed 
it  to  be  essentially  pure  3^  hour.  T-ablo  I  presents  the  mjor  portion  of  tho 
experimental  results. 

The  upper  half  of  the  t-ablc  refers  to  experiments  in  which  isopropyl 
bromide  was  irrad.ia,tod  and  the  lower  half  to  those  belonging:  to  normal  propyl 
broriidc.  The  second  column  gives  the  percentages  of  the  tot-al  34-hour  radio- 
bromine  found,  in  the  va.rious  chcrdcal  forms  indica.tcd  by  the  designations  in  the 
first  column.  Tho  la-st  row  in  each  ha.lf  of  tho  to.ble  refers  to  the  total 
retention  in  organic  form,  as  cxporincntallj’-  observed  after  the  aqueous  extraction, 
tho  symbol  R  being  used.  The  third  column  of  tho  table  contains  the  data  for 
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the  esperinents  r.t  liq^iid  nitrogen  tcnpcratv-rcs.  In  general,  the  data  in  the 
table  are  acenrate  to  about  +  1  unit,  c.g.,  the  isopropyl  fraction  foixnd  in 
normal  propyl  irreadiations  at  room  teripcraturc  v'ould  be  12.0  +  1. 


Table  I 

Principal 

Date,  on  Propyl  Bromide 

leopropyl  Ectontions 

2  50 

-1950  1  g  Brg/lOO  cc 

Iso 

iTornal 

1.2  Dibron 

1.3  Dibron 

R 

10.0 

23.7 

3.5 

4.6 
42.1 

11,2 

23.5 
20.0 

11.5 

6b.  0 

iTorr.al  Propyl 

7.9 

2.6 

6.7 

4.8 

21.4 

Retentions 

Iso 

12.0 

11,3 

4.0 

normal 

30.6 

2S.5 

,9.0 

1 , 2  Dibrom 

3.B 

20.2 

8.4 

1 , 3  Dibrom 

4.5 

18.2 

5.4 

E 

50.0 

7S.2 

25,8 

In  a,ddition  some  study  v/as  nade  of  the  effect  of  concentration  of  added 
broninc  on  totn,l  organic  retention  in  the  ease  of  isopropyl  bronidc.  The  numbers 
were  a.s  folloxirs;  for  3*5  grans  per  100  cc  bromide  a  22.7^  organic  retention; 
for  1,0,  21.4;  for  0.35.  26.5;  for  0.035.  39r^’  Thus  It  is  seen  that  the 
effect  of  added  bromine  is  essentially  saturated  at  1  gram,  per  100  cc  and  has 
csscntia.lly  disappeared  at  0.035  grams  per  100  cc.  The  fourth  column  of  Table  I 
contains  the  detailed  retention  data  for  this  concentration.  Checks  on  loss  of 
titre  of  elemental  bromine  \fcrc  made  and  very  little  loss  of  titre  occurred 
during  the  course  of  the  onperiment. 

It  was  necessary  to  eutract  the  irnadhated  halides  imncdiatcly  after  ex¬ 
posure  in  order  to  avoid  a  very  considerable  increase  in  the  observed  retention. 
For  example,  allowing  a  solution  irradiated  at  room  tcmpcra.turo  to  stand  overnight 
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votild  rcsi-jlt  in  retentions  of  about  SO/b,  and  in  a  rather  irrcproducibXc  fashion, 
p,r.d  it  vas  discovered  that  reproducibility  could  bo  obtained  only  by  ianediate 
extraction  after  relatively  short  exposure.  To  test  the  efficacy  of  our  adopted 
procedure  one  experinent  v.'as  performed  in  v/hich  extraction  oeexarred  continuously 
throughout  the  irro.diation.  The  organic  and  aqueous  layers  v;erc  placed  together 
in  a  sealed  glass  tube  v/hich  v/as  rotated  with  a  motor  end  over  end  throughout 
the  exposure,  l^orml  propyl  brordde  v/as  used  and  the  observed  total  org-anic 
retention  was  ^0.0%,  in  good  agreement  v/ith  that  observed  at  the  end  of  one  hour 
of  exposure  and  a  5“-‘inutc  extraction  interval,  the  bromide  carrier  in  the 
aqueous  layer  being  less  thoni  .1^  in  the  total  broniivc  in  the  system.  The  re¬ 
tention  in  this  ease  v/as  measured  by  comparing  the  activities  in  the  -aqueous 
layer  ^^dth  that  in  the  organic  layer,,  in  contrast  to  our  usual  procedure  of 
counting  the  liquid  before  -a-nd  -after  a.q.ucous  extraction.  The  thought  occurred 
to  us  th-at  the  addition  of  Brg  night  v/cll  sta-bilizo  the  system,  it  being  considered 
possible  that  the  slow  grov/th  in  retention  v/as  duo  to  the  rc-action  of  unusua-1 
species  such  as  a-tomic  bromine  v/ith  impurities  in  the  system.  An  experiment 
v/as  performed  with  normal  propyl  bromide  in  v/hich  O.7  gra-ns  of  oloncnt-o-ry 
bromine  per  100  cc  vas  added.  The  irradiation  v/as  conducted  and  the  solution 
-a,llov.'Od  to  st-and  in  a  dimly  lit  room  for  24  hours,  nc-arly  the  same  conditions 
of  illumination  being  used  -as  Ka,d  obta,inod  throughout  the  research.  The  result 
was  an  incrca.so  in  retention  from  2S,8^9  to  42.!^,  with  a  shai/p  increase  in  the 
1,2  dibron  yield.  A  loss  in  titro  of  the  Brs  and  a  na.croscop)ically  obscrva.blo 
yield  of  1,2  d.ibron  propane  as  i-ndicated  by  a  refractive  index  noasurement  vas 
found.  The  total  distribution  da.ta.  -are  given  in  Table  II  bolov/.  This  experience 
led  to  the  thought  that  the  slov/  thermal  rise  in  retention  night  involve  the 
presence  of  air  in  the  solutions  as  v'cll  as  the  illumination,  so  an  exporinont 
was  performed  in  v/hich  air  w-as  carefully  excluded,  other  conditions  being 
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uncliangcd  fron  the  standard  procedure.  Those  and  the  other  data  supplementary 
to  Table  I  arc  given  in  Table  II,  and  it  is  clear  that  the  exclusion  of  oxygen 
had  no  effect  vdthin  035)orincntal  error. 


Table  II 

Supplcncnt-ary  Do,ta  on  Propyl  Bromide  Retentions 

A.  Effect  of  added  Brg  on  Retention;  Isopropj'l  Bromide 

Concentration  (g/100  cc)  3*5  1*0  0*35  ^•^35 

Retention  (  ^3 )  22.7  21.4  25.5  39-4 

B.  Effect  of  Standing  in  Dim  Light  24  Hours  after  Irradiation; 

I'ornal  Propyl  Bromide  with  0.7  g  Brg/lOO  cc 

Inncdiato  24  hr.  Delay 

(l.OgBrs)  (0.7  g  Bra) 


Iso 

4.0 

6.5 

Hormal 

9.0 

10.3 

1,2  Dibron 

g.4 

17.  g;- 

l,"^  Dibrom 

5.4 

B.2 

R  ' 

2g.g 

42.  g 

-x-Macroscopic  yield,  of  about  1^  1,2  dibronpentanc 
corresponding  to  observed  loss  in  Brg  titre  vras 
observed. 

0.  Effects  of  Excluding  Air  and  of  Continuous  Extraction 
during  Irradiation; 


ITornal  Propj’-l  Bromide 


Usual 

Procedure 

Air  Excluded 

Cont.  SxtrPvCtion 

Iso 

12.0 

9.7 

— 

Hormal 

30.6 

29.7 

1,2  Dibron 

3.g 

3-S 

1,3  Dibron 

4.5 

6.g 

R 

50.0 

51.0 

50.0 

Experiments  were  performed  vdth  various  amounts  of  load  shielding  a.nd  vrith 
a  0.5  gram,  radium-beryllium  source,  instead  of  the  cyclotron,  x/hich  shovr  the 
retention  pattern  to  be  independent  of  radiation  intensity.  \'Jc  take  this  as 
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Gviclcnce  that  secondary  reactions  vith  free  radicals  generated  hy  ganna  raj^s 
or  fast  ncxitrons  v/crc  ncgligihlo. 

Discussion 

The  t^T^o  of  csrolanation  previously  proposed  for  hot  aton  phenonona  and 
referred  to  above  in  the  Introduction  appears  to  ho  capable  of  explaining  nany 
of  the  data  obtained  in  this  research, 

1 •  The  tenporaturo  indopondonce  of  the  yields  of  none  bron  derivatives . 

The  data  in  Table  I  reveal  that  the  yield  of  rono  bron  products  is  indepen¬ 
dent  of  the  tenperature  during  c:rposurc,  in  sharp  contrast  to  the  dibron  deriva¬ 
tives,  To  recapitulate,  the  explanation  of  the  prcdoninancc  of  the  reactions 
leading  to  the  rc-fornation  of  the  bor:;b<a,rdcd  violoculc  in  the  hot  aton  chenistry 
of  organic  conpounds,  particularly  the  organic  halides,  has  boon  that  the  recoil¬ 
ing  halogen  aton  vrhilo  still  in  the  hot  range,  that  is,  possessing  an  energy 
several  tines  the  chcnical  bond  energy,  r.nkcs  avncarly  hcadon  collision  with  bound 
bronino  in  an  organic  halide  molecule,  driving  the  inactive  bronino  onwards  with 
a  transfer  of  nonentu:*.  to  it  and  leo-ving  the  radioactive  bronino  aton  in  the 
some  solvent  cage  with  the  free  radico«l  so  produced.  In  our  co,so  tliis  free 
radic-al  would  be  propyl  radical,  a.nd  the  radiobronino  would  bo  c:q:>cctcd  to  rc- 
conbino  with  the  propyl  radical  to  forn  a  none  bron  derivative.  It  scons  that 
the  efficacy  of  the  cage  in  this  high  energy  range  nust  be  a,  natter  nrAnly  of  the 
density  of  solvent  nolcculos  in  the  cage  v/alls  rather  than  a«ny  adhesive  forces 
operating  between  then,  for  the  roa.sori  that  the  residual  energy  of  the  bronino 
aton  probably  is  lo.rgo  conparod  to  any  such  binding  energy,  A  rough  theoretical 

o 

calculation^  of  the  'bronine  aton  energies  involved  indicates  that  these  arc  of 
the  order  of  1/2  to  2/3  the  chcnical  "bond  energy,  which  is  large  with  respect  to 
the  intcrnolccular  adhesive  energies.  Therefore,  the  only  tenperature  effect 
one  night  ezpoct  in  this  range  is  a  slight  difference  in  nolccular  density.  It 
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would  appear  fron  those  results  that  the  dependence  on  density  is  less  than  the 
first  po-'cr  in  any  ease,  though  one  could  hardly  predict  this  theoretically. 

The  re-entry  to  forn  the  none  hron  derivatives  leaves  the  hroninc  so  energetic 
on  the  average  that  the  q,uestion  of  whether  it  is  reflected  fron  the  vfalls  is 
not  connected  wdth  the  question  of  ho\\f  tightly  the  wall  particles  arc  held  to 
one  another,  hut  is  a  natter  of  reflection  of  the  hroninc  on  the  individual  v^o-ll 
noloculcs.  Those  collisions  prohahly  arc  sonewhat  inelastic,  the  cooling  of  the 
hroninc  aton  occurring  through  nolccular  excitation  of  the  wall  nolccules.  After 
the  cooling  has  proceeded  to  a  certain  point,  rcconhination  occurs,  a  certain 
nunher  of  collisions  with  the’ v/all  having  preceded  the  rcconhination.  The 
freshly  ro-forned  nolccule  is  excited  a,nd  then  it  in  turn  cools  hy  wall  collisions. 

2 .  The  fornation  of  hoth  the  nornal  and  isoproeyl  isonors  in  ratio  of 
2.4  to  1  fron  both  nornal  and  isopropyl  mother  noloculcs. 

The  data  r.ivcal  that  the  ratio  of  the  yields  of  nornal  and  isopropyl 
hronidc  is  nearly  the  sane  for  hoth  nornal  and  isopropyl  hronide  honhardnents, 
the  average  value  being  2.4  +  .2,  and  there  being  sono  slight  indication  that  the 
ratio  for  iso  is  slightly  less  tha,n  tha,t  for  the  nornal,  as  though  there  were 
indeed  sonc  slight  tendency  to  forn  that  isoner  identical  with  the  nothcr  nolccule 
-  a  certain  nenory  for  the  configuration  existing  before  the  hot  aton  collision. 

The  explanation  proposed  for  this  observation  is  that  during  the  period  of 
existence  of  the  free  radica.1,  that  is,  the  interval  between  the  initial  collision 
forning  the  free  radical  and  the  instant  of  rcconhination  after  the  cooling 
period  for  the  energetic  radiobroninc  aton,  the  propyl  radical  itself  is  free  to 
isoncrizc  to  essentially  the  cquilibriun  state  it  would  have  at  extrenoly  high 
tcnpcraturcs.  It  is  thought  probable  that  the  propyl  radical  will  itself 
receive  considerable  cxcita.tion  energy  in  the  rupturing  collision  forning  it 
fron  the  propyl  bror.ido,  and  that  this  energy  of  excitation  will  bo  so  high  as 
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to  proTiotc  free  isoncriz.ation  so  that  tho  rac-ical  retains  very  little  nonory 
of  its  ori£,:ina.l  configuration  when  forned,  .and  that  v;hcn  rcconhination  does 
occ\Tr  the  final  product  v,dll  reflect  only  slightly  tho  na,turc  of  tho  origina.l 
ra-dic.al.  Sono  slight  nonory  is  found  duo  to  those  few  c.ascs  where  essentially 
innediato  roco^hination  occurs  hcc.auso  tho  hroninc  was  left  rnlativclj^  cool  "by 
virtue  of  a  chance  alr'.ost  exactly  head-on  collision.  It  would  seen  that  the 
truly  high  tenperature  distribution  ought  to  bo  3  to  1,  since  there  arc  6  net3’.iyl 
hydrogen  .and  2.ncthylcno  hydrogen  positions.  (The  facts  that  it  is  2.4  to  1 
instc<ad  and  that  there  is  evidently  sene  rcncn'oranco  of  the  nature  of  the  nothcr 
noloculo  prob.obly  have  the  sane  cxpl.anation. 

3 •  The  yield  of  the  di  bron  derivatives  is  rioch  larger  for  the  solids 
at  liquid  n itror-'en  tcnpcr.atri.rc  thoea  for  tho  liquids  at  roon  tenperattirc . 

Te,blc  I  shovrs  further  that  the  yields  of  the  hydrogen  sxibstitution  products 
increase  3  5  fold  on  cooling,  in  sharp  contrast  to  those  for  the  halogen 

substitution  products,  tho  only  exception  being  the  1,3  di  bron  forned  fron 
isopropyl  for  idiich  the  f.ector  is  2.5  vcrsiis  about  5  for  1.2  fron  isopropyl  and 
both  1,2  .and  1,3  fron  nornal  propyl. 

It  h.as  been  proposed  that  hydrogen  substitution  in  an  organic  halide  is 
brought  about  by  the  halogen  aton  colliding  with  tho  nolcc\3.1c  as  a  v^holc  v/ith  an 
enorgj'  vdiich  wo  ha,vc  terned  cpithciTiO,!,  .and  defined  as  being  above  the  bond 


rnorgj’’  but  not  cxtroncly  large  -as  conp.arcd  to  it,  -anounting;  perhaps  to  5  tines 
the  bond  energy,  though  this  linit  is  rather  indefinite.  Tho  essential  point 
is  tha,t  as  the  ho.logcn  -aton  reaches  the  end  of  its  range  the  collisions  beoone 
Icss  a  natter  of  collision  with  individual  .atons  in  the  nolccvilc  -and  noro  a 
.mtter  of  incl-astic  collisions  with  the  r.olcculc  as  a  whole  or  groups  thereof, 
until  tho  thcrnal  ra:'igc  is  reached  when  tmlj'  clastic  collisions  vrith  the  molecule 


as  -a  whole  occur.  In  tho  .epithcrnal  region  the  molecule  is  a.blc  to  stop  the 
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■bror'.inc  aton  in  the  sane  solvent  cage,  and  dno  to  its  high  degree  of  internal 

excitation  shed  hydrogen  and  hroninc  .atons  and  whole  radicals^'*".  VJith  this  nodcl 

one  notices  that  the  residual  energy  of  the  hroninc  is  very  likely  to  he  mch 

less  than  in  the  case  dcscrihed  above  v/horc  the  mono  hron  derivatives'- are  forned, 

and  that  therefore  any  change  in  the  adhesive  energies  and  densities  of  packing 

of  the  noloculcs  constitutirxg  the  ce.go  wall  will  he  none  irportant.  The  grc.ator 

dependence  on  density  and  strength  of  the  cage  wall  in  the  case  of  these  lower 

energy  atons  can  perhaps  ho  seen  best  in  the  follov/ing  way.  In  the  higher  energy 

case  the  hroniiio  has  sufficient  energy  to  nolt  or  vaporise  the  whole  cage  in  any 

ease.  It  n.attcrs  little  therefore  in  this  ease  whether  one  starts  fron  a  solid 

or  fron  a  liquid,  hut  in  the  ease  of  the  cpithcrnal  i^rocesses  this  probably  is 

not  true,  and  so  the  strength  of  Wie  cage  and  its  general  efficacy  ’A'ill  depend 

considcr.ably  on  whether  the  cage  is  conpact  and  nore  tightly  hound,  .as  in  the 

lov  tenperature  solid,  or  whether  it  it  nore  a.ttenuatcd  and  less  tightly  hound, 

as  in  the  liquid.  Turthcr  cjcporinonts  nust  ho  porforned  at  internediato  tor-pera- 

turos  to  settle  v;hcthor  the  density,  i.e.,  the  phase,  is  nore  inport.ant  than  the 

ncan  tenperature.  It  scons  not  unlikely  that  if  one  cools  through  the  nclting 

point  a  rather  abrupt  change  in  the  yield  of  the  di  hron  derivatives  my  occur. 

The  observation  that  the  increase  in  yield  of  1,3  di  hron  product  fron 

isopropyl  hronidc  at  liquid  nitrog'cn  tcnpcraturcs  is  less  ths.n  for  the  1,2  and 

the  sane  as  the  1,2  and  1,3  j’’iclds  for  the  nornal  propyl  hronidc  appears  to  ho  a 

definite  result.  One  notices  that  the  fornation  of  the  1,3  product  fron  the 

Sone  evidence  he.s  been  obtained  for  this  type  of  phcno.nenon  in  another  rcse.arch 
on  the  hot  aton  chenistry  of  dilute  hroninc  solutions  in  pentane  where  a 
snail  yield  of  propyl  hronidc  has  been  observed,  anounting  to  sonc  1,%  of  the 
total  hroninc  activity  where  the  total  organic  retention  was  40^  .  It  nust  he 
said,  hov/evor,  that  no  evidence  in  the  course  of  the  rcse<arch  on  propyl  hronidc 
has  appeared  for  the  fornation  of  such  products  as  1  or  2  carbon  alkyl  hronidcs. 
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isopropyl  requires  a  very  considorallc  shuffling  of  the  a.tons  in  the  noleculc, 
and  particularly  that  the  c-arhon-hroninc  hond-  bn  the  central  carbon  •a.ton  nust 
be  broken.  This  requirenent  docs  not  occur  for  the  other  three  eases!  of  the 
1,2  fron  the  isopropyl  and  the  1,2  and  1,3  fron  the ' nornal  propyl .  Vlith  this 
observation  in' nind;' an  obvious  explanation  scens  to  be  that  this  shuffling 
probes s 'can  occur  onljr  for  the  nost  energetic  of  the  collisions,  and  that  a  good 
fraction  of  then  do  not  possess  sufficient  energy  to  allow  it.  .It  night  also  be 
ta.kcn  as  evidence  that  the  actual  process  involved  in  a  good  fraction  of  the 
cases  is  not  only  the  ejection  of  a  hydrogen  atom  but  also  of  the  bound,  brortinc 
aton,  and  that  then  one  has  an  inactive  brordne  aton,  the  rad.ioactivc  broninc 
aton,  and  the  propylene  di  radical  all  loose  in  the  cage  and  rcconbination  of 
those  three  constitutes  the  last  step  of  the  reaction. 

The  lower  retention  in  iso-prouvl  as  conparod  to  nornal  propyl 
irradiations . 

It  is  clear  fron  Table  I  also  that  the  total  organic  retention  in  the  ' 
isopropyl  case  appears  to  be  definitely  less  tha,n  for  the  norno-1  propyl  ease,  and. 
that  this  ratio  apparently  is  independent  of  tonperature,  both  tonporaturcs 
giving  the  value  of  1.2  for  the  ratio  of  the  retentions. 

The  nost  obvious  explanation  of  this  observation  is  that  the  bromine  is 
somewhat  more  shielded,  by  the  methyl  rad.ical  in  isopropyl  bronid.o  than  by  the 
ethyl  radical  in  nornal  propyl  bromide.  Examination  of  Fischcr-Hirschfcldcr 
models  scons  to  boar  this  out. 

5-  Very  little  1,1  and  2,2  di  bron  propane  formed. 

The  agreement  between  the  tot.al  for  the  individ\ial  organic  fractions  as 
separately  deternined  with  the  cxporincntally  determined  total  organic  retention 
shoves  that  the  yield  of  1,1  and.  2,2  di  brom  propyl  prod.ucts  could  not  have 
exceeded  2  units  in  any  of  the  runs.  It  would,  svaom  quite  clear  therefore  that 


po.rticularly  in  the  liquid  nitrogen  run  thosqc  products  arc  excluded  as  being 
significant  components. 

This  result  is  in  line  with  the  well  known  difficulty  of  preparing  those 
substances  by  ordinary  bronination  of  hjjdrocarbons  and  organic  halides.  It 
appears  the  noloculcs  would  prefer  to  broninatc  to  positions  on  other  carbon 
atons  than  that  already  broninated.  This  situation  vrorild  be  further  accentuated 
by  the  relatively  high  tenpcratiires  involved  in  the  syntheses  involved  in  this 
research. 

£ .  The  prosonco  of  broninc  in  the  irradiated  organic  bronide  greatly 
reduces  the  total  rctentior,.  the  na.in  decrease  occurring  in.  the  nonp  brpn 
derivatives . 

T-ablcs  I  and  II  show  that  the  addition  of  broninc  greatly  reduces  the  total 
retention,  the  nain  rcdu.ction  occurring  in  the  primary  products,  \/ith  some  in¬ 
crease  in  the  hydrogen  substitution  occurring. 

The  explanation  proposed  for  this  is  that  of  exchange  occurring  during  the 
cooling  process  either  before  or  after  the  reformation  of  the  noleculc,  the 
re-formed  molecule  being  excited.  It  is  well  k?'ovm  that  all  orga.nic  halides 
exchange  at  sufficient!;''  high  temperatures  v/ith  either  the  halogen  or  the  halide 
ion,  the  activation  energies  being  IS. 12  K  cal/nolc  for  normal  prop;'!  and  22,94 
for  isopropyl  against  bromide  ion*^.  The  exchange  botv-cen  broninc  atom  and  Br^ 
is  of  course  extremely  rapid,  so  we  have  the  inter,  sting  possibility  that  if  the 
concentro.tion  of  broninc  is  sufficiently  high  so  that  each  solvent  Qa.gc  contains 
a  bromine  molecule  or  that  a  bromine  molecule  be  within  one  or  two  Layers  of 
the  solvent  cage  one  night  expect  the  radioactivity  to  be  "washed  out'*  into 
the  Brg  e,nd  so  made  water- oxtractiblc  with  a  consequent  reduction  in  the  ovcra.ll 
retention.  It  seems  that  exchange  of  the  bro'minc  atom  must  procccxl  only  with  a 
bromine  molccTilo  in  the  solvent  cage  itself,  in  other  vrords,  occur  only  .at  the 
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high  broninc  concentrations,  but  that  the  rc-forned  organic  bro'-.idc  nay  retain 
sor.’.o  of  its  energy  of  cncitation  for  a  sufficiently  long  tine  to  be  able  to 
c:cclianf;e  v.'ith  the  Brg  within  one  or  two  layers  of  the  solvent  cage.  It  is 
interesting  to  observe  in  Table  II  that  the  effect  seers  to  bo  sature.tcd  at  about 
^•5  feTar.'.s  of  organic  bronide  per  100  cc  of  propyl  bronidc.  Of  course,  at  nuch 
higher  broninc  concentrations  another  effect  will  occur  where  an  anprcciablc 
probability  for  collisions  of  the  hot  broninc  tdth  Brg  itself  v?ill  enter,  with 
a  nocossarj'  reduction  in  organic  bro’";ic-C  retention.  The  concentrations  used 
here,  though,  would  involve  not  over  ^  reduction  by  this  effect. 

7 •  The  inversion  by  the  presence  of  bronino  during  irradiati on  of  the 
usual  ratio  of  nornal  to  isopropyl  -products  in  the  ease  of  is ouropyl  bronidc . 

The  indications  arc  that  the  usua.l  patio  of  nornal  to  iso  products  is  un¬ 
changed  in  the  case  of  norrral  propyl  bronidc  irradiations  by  the  addition  of 
broninc,  but  it  is  indeed  inverted  in  the  case  of  isopropyl  bronidc. 

The  cyplaniation  of  this  point  is  not  clear.  It  is  possible  tha.t  the  lower 
activation  energies  of  the  pnehange  reaction  for  the  noi'nal  product  is  involved, 
it  being  rononborod  that  to  forn  the  nornal  fron  the  iso  rccuircs  that  the  free 
radical  isoncriso  and  therefore  that  norc  energetic  processes  be  involved  than 
in  the  direct  fornation  of  the  iso. 

^ •  The  delayed  rise  in  retention. 

The  observed  increase  in  retention  fror.  about  to  nearly  S0%  on  standing 
for  24  hours  in  a  dirdy  lit  roon  at  roon  toripcraturc  is  probably  connected  with 
phot ochcr.i cal  or  onygen  pro--.otcd  chain  bron.inations  of  the  alkyl  halide  itself. 

It  is  possible  that  the  effect  is  duo  to  inpuritics  in  the  allcyl  halides  and 
reactions  of  either  atonic  brordne  or  3r^  or  HSr  with  these.  This  type  of  effect 
has  Deen  reported  previously  and  is  rather  vddcly  recognized  by  v'orkers  in  hot 
aton  chonistry.  It  is  (^uite  clear  fron  those  results  that  one  nust  be  careful 
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in  working  v;ith  34  hour  broninc  and  weak  neutron  so\irccs  to  eliminate  this 
effect  occrirring  during  long  exposure.  3y  using  the  cyclotron  it  was  possible 
to  obtain  sufficient  intensity  with  short  exposures. 

Sunnary 

The  study  of  the  hot  atom  chenistry  of  the  propj^  bronides  has  revealed 
evidence  for  isomerisation  proceeding  during  the.  form.ation  of  the  mono  brom 
derivatives  and  of  tomncre.turc  indcpjcndcnce  of  the  yield  of  those  aorivatives. 

In  direct  contrast,  the  formation  of  the  di  bron  derivatives  by  hydrogen  substi¬ 
tution  is  either  strongly  tompcrattirc  dependent  or  strongly  dependent  on  the 
phase,  for  the  yields  obtained  at  lipuid  nitrogen  temperatures  arc  very  much 
larger  than  those  obtained  in  the  liquid,  at  room  tcr'pcr'aturc .  In  add.ition 
certain  effects  of  the  presence  of  Br^  during  irr.adiation  have  been  found. 

These  results  scorn  to  be  explicable  in  the  r..ain  by  a  billiard  ball 
collisional  theory  previously  proposed  for  other  eases.  Certain  points  seem 
to  strain  this  theory  considerably,  but  for  the  present  it  seems  to  be  the  most 
tenable • 

The  authors  would  like  to  express  their  indebtedness  to  Professors  IQi-arasch 
and  Urry  of  the  Chemistry  Department  for  extensive  discussions  of  organic 
chemical  problems  involved  i’l  this  research. 
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BETA  DECAY  01  AS  T:gil  AC?TYLA0ET0j:^AT5  TO 

E.  E.  Edwards  and  C.  D.  Gorj'oll* 

A  study  was  undertaker  of  covalent  "bond  rupture  in  ccriun  acctylacotonato 
on  decay  of  ccriun  to  prascodyniun.  Use  v-as  r,adc  of  the  275'?-  which 

decays  by  or-.ission  of  g-rays  of  0.34S  Lev  naxi'un  energy  to  17n  Pr^'^'*,  which  in 
turn  can  be  followed  by  neans  of  its  3. 07  Mov  6-rays.  The  transf ornation  of 
is  conplicatod  by  V-rays  or  conversion  electrons^. 

Of  the  ne.ny  advantages  found  in  this  systen,  one  of  the  nost  strikiiig  is  the 
speed  v;ith  which  studies  nay  bo  nadc  after  the  nodiun  for  decay  is  selected.  In 
a  period  of  two  hours,  csscntia.lly  all  of  the  has  boon  replaced  by  a  now 

growth,  so  that  exanined  after  such  a  period  is  Imown  to  have  boon  forned  under 
the  conditions  applied.  Pollowing  the  decay  period,  a  fractionation  yields 
sanplos  v;hich  will,  if  any  chcnical  separation  is  achieved,  show  either  radio¬ 
active  growth  or  decay,  and  the  extent  of  the  growth  or  decay  to  the  constant 
activity  in  secular  cojuilibriun  with  is  a  direct  noasure  of  the  degree  of 

chcnical  separation  of  Cc  and  Pr.  C-raphic  cxo-nplos  of  this  doternination  a.rc 
given  bclov/. 

Since  Cc  acetylacctonatc  is  obtainable  in  crystalline  forn,  this  syston 
presented  an  opportunity  for  study  of  bond  rupture  acco-panying  B  decay  in  Ijho 
solid  state,  as  veil  as  in  orga,nic  sol\itions.  Extractabilitv  of  the  Pr  daughter 
by  v'atcr,  or  its  scuaration  to  the  vessel  v, rails  were  taken  as  criteria  for  bond 
napturc,  although  reactions  of  an  excited  Pr  acctyLacctonatc  -lOlcculo  or  ion  with 
natcrials  in  the  nediun  could  not  be  excluded  in  cv"ry  case. 

The  naxirju.n  recoil  energy  for  the  Pi*^"‘'  in  the  B  dee-ay  process  v,'ill  be  l.S:ey 
or  4l  kcal/’iolo,  wldch  naj’-  be  near  the  energy  of  the  Pr-0  bond  in  Pr  acotylacetono,tc.. 

■’^'Dept.  of  Cho'iistry  and  Lab.  for  Puclcar  Science  and  Engineering.  M.  I.  T. 
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iiowcvcr,  if  the  equation  of  Sucss  is  applied,  assuning  the  three  acctylacotonatc 
fragments  act  as  ca  nass  unit,  wo  find  that  only  ahoait  0,4  cv  should  bo  available 
for  internal  czcitolion.  This  almost  certainly  does  not  approach  the  energy  of 
even  one  bond,  so  that  disruption  in  tho  recoil  process  itself  should  not  be 
highl^^  probable.  Thus  extensive  bond  rupture  in  the  absence  of  chenically  dis¬ 
turbing  influences  nust  be  attributed  to  a  high  degree  of  ionisation  in  tho 
decay  processes,  analogous  to  the  explanation  offered  for  rupti^.ro  in  isomeric 
tronsitioji  reactions.  Where  redactions  v/ith  the  nediun  a.rc  lilo'^ly,  however,  the 
internal  oncrg:y  g-ained  in  the  recoil  process  may  servo  as  activation  mcirgy, 
loading  to  selective  reaction  of  tho  excited  (radioactive)  species. 

Exuorimontal 

Preparation  of  Acctylacetonato 

In  experiment  1,  Ce  acet'.lacetonatc  was  prepared  as  follows:  A  solution 
of  ccrous  nitrate  (200  mg  Co)  in  20  ".,1  1  r  HFOa  was  prepared,  and  about  1  :.*c  of 
as  the  Oak  Ridge  carrier-free  tracer  added.  Co  v;as  then  precipitated  a^' 
the  h3aLrous  oxide  by  addition  of  can  excess  of  l6  P  The  precipitate  v/as 

centrifuged  off,  lA^p.shcd  tv/ico  with  20  ml  PtOZ  to  remove  most  of  the  water,  and 
then  0,5  --1  of  acetylacotonc  v/as  added  to  form  a  thick  sludge.  About  20  ul  of 
this  mixture  was  then  added  to  5  -d  C.P.  CS;^;  for  the  ej-eporinent # 

The  sample  Cc-AA-I  ^^as  prepared  as  follows:  To  0,  solution  of  ccrous  nitrate 
’(10  r.g  Cc-ml;  in  20  ril  1  li  HPO3  w.as  added  1  ml  of  a  Co  tracer  soliition  containing 
about  20  u.c  The  Ce  wo.s  then  procipitolcd  as  the  hydrous  oxide  "bj  addition 

of  an  excess  of  ITH.^Oxl.  The  precipitate  was  redissolvcd  in  a  nininun  of  1  K 
HPO3.  A  solution  of  *\rrmonium  acotylacctonatc  (20  ml  acetylacotonc ,  20  rl  RgO, 
and  20  nl  16  1“  ila^OIi)  v^as  then  added  aintil  a  pll  of  S  v.^as  reaxhed.  The  resulting 
solution  (about  20  ml)  was  placed  in  a  refigerator  for  20  hours.  Tho  cr^/stalline 
precipitate  that  had  for::Cd  was  centrifuged  off  and  %-^ashcd  twice  with  3t0H  to 
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rcnoYG  vator,  then  dissolved  in  10  nl  war:'::  CCl.j.,  tho  solution  centrifuged, 

cancl  the  insolu^blc  residue  discarded*  About  3^  n-'icxano  vras  then  added,  and 

» 

the  solution  placed  in  tho  refrigerator  ovcrrdght  for  crystalli7*a,tioni.  The 
crystals  vrero  centrifuged  off,  washed  once  with  n-hcxanc,  and  dried  in  air, 

Tills  preparation  was  considered  to  ho  free  of  excess  ace ty lace t one . 

The  seavtolc  Cc-^AA-II  was  prepared  in  a  sinilar  nannor  to  that  just  described, 
except  that  tho  final  precipitate  was  dissolved,  in  CS^  irtricdiately  after  centri¬ 
fugation. 

For  the  final  Greperinent  of  this  series,  the  sanplo  Cc-AA-III  was  prepo^red 
as  follows:  A  solution  of  20  nl  ccrous  nitrate  in  1  K  HhOs  was  nodded  to  ca 
carricr-frco  solution  contodniing  about  1  u.c  in  10  :‘'’il  of  dilute  Ki03.  A 

concentrated  solution  of  atenoniun  acetylacotonatc  prepared  as  described  abo'^^e 
was  then  added  to  yield  the  crystalline  Cc  acotylacctonato.  The  precipitate 
was  centrifuged  off,  washed  once  wit?n  10  nl  twice  with  10  nl  StOM,  and 

twice  V7ith  10  nl  ethyl  ether.  After  drying  in  air  at  roon  tonporaturc,  20  nl 
CSs  wo.s  added,  and  the  :"’a:':ture  heated  over  stoo/n  The  undissolvcd  residue  v;as 
filtered  off,  and  the  saturo^ted  solution  collected  for  use. 

A  sa:‘ulo  of  iiiactive  Pr  acetylacctoziato  v^as  prepared  fron  a  Pr  nitrate 
so?Lution  as  just  described  for  the  Ce  co:'pound,  A  saturated  solution  of  this 
natcrial  in  CS^  v/as  also  larcpared. 

Expcrinontal  Procedures 

L'ost  of  tho  enporinents  with  the  Co-Pr  pair  were  conducted  with  nixtures 
of  organic  solvent  and  vrater,  with  the  radioactive  Co  conpoirnd  initially  in  the 
oi'ga/nic  phase.  The  assvznption  vzas  nadc  that  Pr  daughter  e.tons  ejected  fron  the 
nolccules  would  fo.vor  the  aciuoous  phase,  and  tha«t  a  good  separation  of  .bonded  and 
non-bondod  Pr  would  be  obtained  by  separating  the  two  li^iid  phases.  Consequent¬ 
ly'',  sanplcs  of  radioactive  Ce  acetylaccton ztc  were  dissolved  in  the  specified 


organic  solvents,  water  and,  in  sonc  eases,  cjcccss  acctj'lacGtonc  t-.'cro  added, 
and  the  resulting  r'dztures  vrere  shaken  nochanicall^^  in  glass  stoppered  Erlon- 
neycr  flasks  for  periods  of  tine  sufficient  to  allov/  essentially  conpletc  rc- 
placcncnt  of  the  IJn  Pr  daughter,  usually  not  less  than  two  hours.  After  this 
period,  sa':plc;s  of  the  organic  johasc  v/ere  evaporated  in  1  inch  A1  planchets  for 
counting.  Counts  ■'.'crc  taken  with  a  thin  nica-windov;  CTcigcr-:'Aiollcr  tube,  v,'ith 
S-O  ng/cn^  of  A1  hetvoen  source  and  counter  window,  so  that  only  the  harder 
(3-i'iCv)  radiation  of  ?r^'°'‘  was  actually  counted.  In  this  nanner,  as  counts  were 
taken  as  function  of  tine  after  separation  of  the  phases,  grov^th  curves  wove, 
obtained,  w!iich,  when  cnr.trapol.atcd  to  the  tir'sc  of  separation,  indicated  the  entent 
of  Pr  renoval  fron  the  organic  phase.  Evaporated  sanplcs  of  the  aq.ucous  phase 
exhibited  decay,  but  quantitative  interpretation  of  the  data  was  difficult 
because  of  the  extent  of  hydrol’^sis  of  the  Ce  conpound  during  the  course  of  the 
experinonts.  Consequently,  the  data  obtained  fron  counting  the  sa-ulcs  of 
organic  pho.sc  only  .arc  presented  here  for  nost  of  the  experinonts. 

Results 

Bxporinent  1 

0?hc  first  exporinent  was  designed  sirply  to  dctcrninc  the  partition  of  the 
Pr^’"'  daughter  betveoen  H2O  and  CS2 .  A  sanplc  of  2  nl  CSe  solution  of  Ce^'-'^ 
acotylacotonatc,  prepared  as  described  in  the  expcrinental  section,  containing 
excess  acctylaoctonc,  was  added  to  2.4  nl  K2O  and  shaken  ncchanically  for  2  hours. 
At  the  end  of  this  period,  1  nl  of  the  CSg  phase  and  2  nl  of  the  HgO  phase  v'cre 
evaporated  separately  in  A1  planchets,  and  counted  for  growth  and  decay,  respec¬ 
tively.  The  results  are  plotted  in  Pigure  S,  together  \Tith  the  derived  curves 
extrapolated  to  zero  tine,  showing  that  about  7000  c/n  of  Co^'-"^  was  in  the  CSg 
phase  at  the  end  of  the  exporinent,  and  that  essentially  this  a -ount  of  Pr^‘^^  had 
been  ren.oved  fron  the  organic  phase.  Only  about  30^  of  the  Pr  counts  nissing 


fro:.;  the  organic  phrase  were  recovered  in  the  aqucotis  phase,  indicating  sono  loss 

fron  the  systcr:,  perhaps  "by  deposition  on  the  vessel  Wralls.  In  av-j  case,  it 

is  clear  tha.t  the  Pr  d.aughtcr  was  conplotcly  ror'.ovcd  fron  the  CSg  phase, 
prcsiv’.ahly  as  Pr  ion.  The  extent  of  hydrolysis  of  the  Cc  conpound  (a.hout  20^) 
is  indicated  hj'"  the  cptiilihrinn  v-aluc  for  the  aqueous  ph-asc,  2600  cfn.  Because 
of  this  hydrolysis  and  the  poor  nratcrio.1  h.a.lancc,  the  practice  of  counting  evopo- 
rated  sanplos  of  the  raqucoiis  phase  was  ahandonod. 

Expcriricnt  2 

To  detornino  whether  free  Pr  ions  fornod  in  the  dec-aj’’  process  survive  in 
CCl%  solution,  a,  sarplc  of  2.??  ng  Oe-AA-I  w-as  dissolved  in  5  -1  CGl^  and  allowed 
to  sta.nd  for  one  hour.  At  the  end  of  this  period,  1  "'1  was  evrO/porated  in  an  A1 

planchet  and  counted  -as  -a  function  of  tine.  i‘o  radioactive  grov/th  wo-s  ohscrvnd, 

indicorting  that  no  separation  of  Pr  to  the  vessel  w-alls  v.'as  effected. 

The  renaining  4  r.l  of  CC1,_.  solution  was  extracted  with  4  nl  EgO  in  50 
seconds  shaking,  -and  1  ni  of  the  COI4  phase  evaporated  a,nd  coiintcd  o,s  ohove. 

Ag-ain  no  growth  was  ohsorved,  indicating  that  no  cxtractahle  Pr  (free  Pr  ions) 
existed  in  the  organic  phase  after  norc  tha/n  one  hour  of  standing. 

Sxpcri’':eht  3 

The  third  c:qeorincnt  v/as  designed  to  dctorainc  v/hether  Pr^^‘''  ions  arc 
forned  in  crj'stallinc  Cc^^**  acctylacctonatc.  About  5  "€  Co-AA-I  was  dissolved 
in  10  r.l  OCl^,  5  inncdiatcly  a-dded,  -and  the  nixturc  s’laiccn  for  J)0  seconds 

in  e,  scparn.tory  funned.  Tlic  x^hascs  v;crc  then  separated,  and  2  nl  of  the  CCl,^ 
phase  cv-aporated  for  counting.  Po  growth  was  observed,  ind.icating  either  that 
no  ?r  ions  .?,rc  forned  in  the  solid  acetylacctono.tc,  or  that  such  ions 

exchange  vdth  Cc  carrier,  assuning  the  central  positions  in  acotylacctonato  , 
molecules. 
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Fiflure  8  Seporotfon  of  Corrier-Free  Pr  to  Aqueous  Phase  from 
Ce'*^  Acetytocetonote  in  CSe 
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Figure  II  Apparatus  for  Determination  of  Bond  Rupture  in  the  6as  Phase 


Figure  10  Seporotion  of  Pr*”  to  Aqueous  Phase  from  CSz  Contoining 
Ce'**  Acetylocefnnote  ond  Pr  Acetylocetonotr  Carrier 


Ezipcrincnt  4 


To  dctorr.inc  whether  free  Pr  ions  arc  forrod  o/nd  can  exist  in  CS^  solutions 
for  reasonable  periods  of  tine,  about  10  ng  Cc-AA-I  wo.s  dissolved  in  10  nl  CSg, 
and  the  solution  allov/ed  to  stand  for  18  hours  in  a  gla.ss  stoppered  Erlcnucycr 
flask.  A  2  nl 'sarplc  of  tho  solu..tion  was  then  evaporated  in  an  A1  pl.anchot  for 
counting.  Po  growth  was  observed,  indicating  that  no  separation  of  Pr^'"**'*  to  tho 
walls  fron  CSs  solution  occurred. 

The  renaining  8  nl  of  CSg  solution  v;as  extracted  with  an  equal  volunc  of 
HgO  in  30  seconds  shaking,  and  2  nl  of  the  organic  phase  evaporated  for  counting. 
A  doficicnc3’-  of  220  c/n  of  a  total  of  7^5  c/"i  was  observed,  indicating  either 
(a)  that  30^  of  the  Pr  existed  in  CS^  as  free  ions,  or  (b)  that  the  Pr  conpound 
is  r.Tuch  nore  rapidly  hydrolyzed  in  its  carricr-froc  state  than  tho  Cc  conpound  at 
reasonable  concentrations. 

Pueporinent  3 

The  fifth  cj^porinont  ^'^ms  disigned  to  detorrino  the  effect  of  excess 
a.cotylacotono  on  the  Oc-Pr  separation.  Two  sanplcs  of  Cc-AA-I  in  OCl,^  (lO  ng 
in  3  'll)  vrcrc  prepared,  and  5  ”1  ^2^  added  to  each.  To  one  of  these  nixturcs 
’was  added  1  nl  acctylacetono,  and  then  both  v;cre  shaken  nechanically  for 
1  3/4  hours.  Sanplcs  of  1  nl  of  oa,ch  of  the  organic  layers  vrcrc  evaporated  and 
counted,  I'o  grovrth  'was  observed  in  the  sanple  v’hich  vras  free  of  acetj'lacotonc, 
but  gTOvrth  indicating  conpletc  renovo,!  of  Pr^'**'  fron  the  organic  phase  vras  ob¬ 
served  in  the  sanpl*^  vrhich  had  contained  excess  acctylacctonc ,  sinilar  to  the 
result  obtained  in  experinent  1.  Thus  it  is  clear  that  o.n  excess  of  acctjrl- 
a.cctono  a.ssists  in  the  Cc-Pr  sep.-'ration, 

P-xperinont  6 

To  conpare  the  tine  dependence  of  th.o  Pr  cxtract.ability  with  tho  period  of 
the  nuclear  transf ornation,  an  experinent  vras  designed  to  shovr  the  r?.tc  of 


diaappcr-r^MiCC  df  fron  the  organic  phase  as  a  function  of  tine  after  the 

heginnlng  of  the  shaking  period.  ^  sanple  of  3*5  of  solution  of 

Cc-AA-II  was  added  to  2  nl  HgO  and  1  nl  acetylacctono  in  a  25  nl  Erlcn-icyer 
flask,  and  the  nlxturc  shcakon  ncchanically.  At  vo.riovis  tines,  O.5  nl  sanplcs  of 
the  CSg  phase  were  taken,  and  evaporated  in  A1  planchcts  for  growth  deternin-ations . 
Such  sar'iples  were  prepared  at  9»  20,  3®»  ^5*  o-nd  9^  ninutes  after  preparation 
of  the  nixturo,  Eo.ch  of  these  sanplcs  v'as  then  counted  as  a  function  of  tine 
after  sanpling,  ycidling  data  which  pernitted  caluclation  of  the  extent  of  de¬ 
pletion  of  Pr  in  the  organic  phase.  Figure  9  sho^^fs  the  results,  plotted  as  the 
fro-ction  of  the  cquilihritxn  value  of  v/hich  was  found  there  after  various 

tines  of  shaking.  Treatnent  of  the  data  in  this  n.anncr  involved  sono  n.?.gnifica- 
tion  of  the  cxporincntal  (counting)  errors, -i:-  as  indicated  hy  the  hars  on  each 
point,  hut  it  is  seen  that  the  data,  arc  not  inconsistent  with  a  17  ninuto  half- 
life  for  the  loss  of  fron  the  organic  phase,  corresponding  to  the  straight 

line  dravm  in  Figure  9- 

Experinent  7 

The  final  exporinent  of  this  series  was  designed  to  dctcrninc  whether  the 
extraction  of  Pr^'^'^  to  the  aq.ucous  pha.se  v;as  due  ncrcly  to  its  rapid  hydrolysis 
in  the  carrier-free  state,  testing  the  tacit  assunption  that  the  Cc  co.npound 
would  servo  as  its  carrier.  If  this  were  the  ease,  then  one  would  expect  that 
addition  of  cari'’ior  anounts  of  Pr  acotylacotonato  to  the  organic  phase  v'ould 
prevent  the  Ce-Pr  separation,  since  little  difference  .is  expected  between  the 
rates  or  cquilibriur.:  valiics  for  the  hydrolysis  of  Co  and  Pr  acctylacctonatcs. 

A  solution  was  prepared  consisting  of  5  hil  Oo-AA-III  solution  in  CS2,  5 

-x-Thc  error  given  is  the  standard  error  J^statistico,!)  for  a  given  nurihcr 
of  counts  (iO ,  nuracrically  equal  to^  Subtraction  of  values  one  fron 
the  other,  as  perforned  with  these  data,,  increases  the  error  considerably. 


Pr  acctylacetoivate  solution  (see  Experimental),  and  1  nl  acctylacetonc.  This 
solution  was  added  to  5  ml  HgO  in  a  25  ml  glass  stoppered  Srlennoycr  flask,  and 
the  mixture  shaken  for  two  hoT),rs,  One  nl  of  the  CSg  phase  was  then  cJvapor.atcd  in 
an  A1  planchot,  and  counted  for  growth.  The  results,  shora  in  Figure  10,  again 
show  essentially  complete  removal  of  radioactive  Pr  from  the  organic  phase, 
although  the  Cc  compound,  and  prosunahly  therefore  the  Pr  carrier  compound,  was 
only  partially  (alaout  60  )  hydrolyzed.  These  data  indics,to  selective  disruption 
of  the  "hot"Pr  acct;/laccton.atc  molecules  or  ions  in  the  presence  of  a  normal 
nolccular  carrier* 

Discxission 

The  rcs\ilts  of  this  series  of  experineats  seen  to  indicate  (a)  that  no 
extensive  irrevcrsihlc  rupture  of  the  acetylacctonate  molecules  occurs  in  the 
solid  or  in  dry  organic  solvents,  and  (h)  that  some  chemical  change  occurs  when 

decays  as  the  acetylacctonate  in  organic  solvents  in  contact  \irith  water  and 
in  the  presence  of  excess  acetylacetone .  liFhcthor  this  latter  comhination  of 
conditions  prevents  rccomhi nation  of  fragments  or  merely  serves  as  a  medium  for 
hj>'drolysis  of  the  excited  species  is  not  clear. 

On  the  basis  of  the  results  of  experiments  2,  3,  4,  and  5  it  appears  un¬ 
likely  that  the  Pr  daughter  is  separated  from  the  molecular  bonds  at  the  instant 
of  decay,  since  separation  to  the  aqueous  phase  would  have  been  ezqDected  in  all 
of  these  cases,  perhaps  to  varyiiig  doarocs.  Again,  if  this  scx>aration  of  Pr 
from  the  molecule  occurred  in  every  event,  one  would  expect  that  an  excess  of 
acetylacetone  would  serve  to  aid  in  reforming  the  acetylacetonatc  molecule,  de¬ 
creasing  rather  than  increasing  the  probability  that  the  Pr  daughter  will  be 
found  in  the  aquoo\js  phase. 

If,  however,  the  separation  of  Pr^‘^‘''  to  the  aqueous  phase  is  dependent  on 
its  selective  hydrolysis,  it  is  clear  that  the  hydrolysis  requires  excess 


acctylacetono .  This  requirement  is  not  readily  explained  cliemically,  hut  it  is 
concGivahle  that  some  internediate  compound  vliicli  is  readily  hydrolysahlo  is 
formed  between  the  "hot'*Pr  ion  and  acetylacetone ,  whereas  stabilization  may 
occur  by  other  mechanisms  in  the  .absence  of  excess  acetylacetone.  For  example, 


ve  my  assume  that  the  decay  process  proceeds  with  the  minimum  of  chemical 


change , 


expressed  by 


the  equation; 

-x-  * 

C0A3  -^►PrA^  +  r 


v'hcrc  A  is  the  acetylacctonate  ion.  In  the  absence  of  acctyls.cctonc ,  the  most 


prominent  solute  in  the  organic  phase  is  CcAs,  and  oxidation  potcnti.als  arc 
undotibtcdly  favorable  for  the  stabilization  reactiont 

j.  *  . 

Pr  A  3  +  CeA3 — -1  Pr  A3  +  CcAg 

In  the  erases  where  s.cct5’’lacotonato  vras  added,  however,  its  concentration  was 
much  higher  than  that  of  CeAs,  so  that  the  following  reaction  should  have  been 
highly  prob.able: 

PrAs  +  ha  — :>  PrA^.  +  h'*’ 

In  this  ease  the  PrA4  night  have  been  reasonably  st-ablo  in  the  non-polar  solvent, 
but  certainly  would  undergo  rc.a.ctions  on  r.oaching  the  aqueous  phase.  Such 
rc.actions  should  involve  both  hydrolysis  and  rcdxictlon,  and  naj’"  be  expressed  for 
example  by  the  equation: 

PrA.  +  3  HLO  —>  PrO"^  +  )|-KA  +  0H“  +  HO 

Althotigh  the  Gxplann-tion  offered  here  is  not  detailed,  it  scans  acceptable, 
particularly  in  view  of  the  dissinilarity  of  the  "  het^’Pr  species  and  its 
carrier  and  of  the  lovr  recoil  energy  (l.S  cv  naxintei).  Also,  the  results 
presented  in  the  following  paper  indicate  that  no  extensive  ionization  occurs  in. 
the  cr.ission  of  low  energy  3  particles,  so  that  the  postulation  of  a  PrA^ 
fragment  scens  reasonable. 


An  additional  possible  explanation  of  the  results  is  that  the  acetylacetone 


% 


% 


I 
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serves  as  a  vfatsr-carrior,  transporting  HgO  noloculcs  into  the  organic  phase 
where  the  nnelear  events  occur.  Water  so  transported  would  ho  capahlc  particular¬ 
ly  of  hydrolyzing  the  excited  Pr  daughter  species,  since  the  recoil  certainly 
provides  an  energy  conparahle  with  the  activation  energy  of  a  reaction  v;hich, 
judging  fren  the  results  of  experinent  1,  proceeds  at  an  a-ppreciahlc  rate  at  room 
tenperaturc , 
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EFFECTS  OF  BETA  TRAFSFORi'^IATIOES  IE  THE  C-AS  PHASE 


R.  R.  Edw''-rds  and  0.  D.  Ooryoll:'^ 

Fij-tcnsion  of  the  studies  of  the  chcnicnl  effects  of  "beta  decay  to  gaseous 
systens  follows  logically  from  the  difficulties  in  interpreting  the  data  from 
liquid  systens.  The  onnipresent  solvent  noloculos  in  condensed  nedia  provide 
reaction  cages  for  the  er.cited  species  to  occupy  for  relatively  long  periods  of 
tine,  and  in  nany  eases  thcnselvos  undergo  reactions  with  the  newly-forricd 
species,  obscuring  the  true  nature  of  the  effects  due  to  the  transfornation  itself. 

Rcco'-hination  of  fragnents  to  forn  the  parent  compound  in  cases  of  neutron 
capture  and  isoncric  transition  has  been  discussed  in  paper  6, and  it  was  seen 
that  dilution  of  a  liquid  target  with  compounds  of  lighter  elenents  diminished 
this  effect.  Sucss^  has  studied  these  processes  with  Br®"®  in  gaseous  compounds 
(HBr  and  CsHsBr)  finding  that  recombination  is  negligible,  and  that  essentially 
dll  cf  the  radio.a,ctivc  atoms  (resulting  from  (n,  Y)  reactions  or  isomeric  transi¬ 
tion  with  internal  conversion)  arc  ejected  from  the  parent  molecule. 

It  was  therefore  expected  that  much  clearer  results  concerning  the  rupture 
of  covalent  bonds  in  the  3  decay  process  could  bo  obtained  with  gaseous  con- 
uounds.  Extensive  bond  rupture  could  bo  attributed  to  the  energy  of  recoil,  as 
in  the  (n,  Y)  rco.ctions,  or  to  a  high  degree  of  ionization,  as  in  tae  internal 
conversion  process.  In  the  gas  phase,  particularly  at  lovf  pressures,  no  obscure 
solvent  reactions  can  occur  as  in  the  Se-3r  ease,  and  no  hydrolysis  or  cage- 
rcconbination  effects  are  expected,  such  as  those  possible  in  the  corous  acctyl- 
acotonate  studios. 

The  radioactive  pair  Pb®^®-Bi®^°(RaD-RrJ.)  was  chosen  as  the  first  system 
for  gas  phase  study  since  the  radio- nuclides  arc  readily  available,  since  their 
radiation  chara-cteri sties  and  half-lives  arc  favorable,  and  since  both  arc  known 
to  forn  volatile  alkyl  compounds.  Experiments  were  planned  on  the  assumption  that 

■j'aDcpt.  of  Chemistry  and  Lab.  for  Fuclcar  Science  and  Engineering,  K.  I.  T. 
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the  radioactive  Bi  fron  ruptured  Pb.(Ch3).,^  nolociilcs  in  the  gas  phase  would 
deposit  on  the  vessel  vails  and  could  bo  detected  there  by  ncans  of  its  B  radia¬ 


tions. 


This  systen  has  been  studied  previously  by  i^ortcnscii  and  Loig?aton^,  vdio 
found  that  essentially  all  of  the  3i  (EaS)  daughter  and  Fo  (EaP)  granddaughter 
of  EraD  decaying  as  Pb (0113)4  in  the  liquid  state  (presumably  in  the  absence  of 


air)  existed  after  the  decay  period  as 
these  dexta  that  no  bond  ruptu.rG  occurs 
unvaarrantod,  since  it  has  novT  been  dcu 


volc.tilc  co':ipounds.  The  conclusion  fron 
in  either  of  those  transitions  is,  however, 
.onstratod  that  a  largo  fraction  of  the 


prcdiacts  of  nuclear  reactions  ref  cm  the  parent  nolcculo  in  condensed  media. 

The  22y  pb^^^  is  readily  obtained  fron  spent  radon  seeds.  It  decays  by  the 
omission  of  Pg  particles  of  naxi?nun  energy  O.O25  Mev  to  the  5.0d  Several 


Y  rays  accompany  the  transition,  the  principal  one  with  an  energy  of  46*7  kev 
reported  to  appear  in  2.SjJ  of  the  tr-ansitio^js,  and  its  conversion  electron  in 


Z%  of  the  transitions,  ho  information  is  available  concerning  conversion  of  the 
weaker  Y  rays,  but  five  others  arc  said  to  occur  with  energies  bctv/ccn  7  o.nd 


45  kev,  all  of  relatively  low  intensity^'^. 


Oonvorsion  in  the  I  shell  is  impossible 


for  the  knov/n  Y  rays,  end  conversion  in  the  L  shell  auparontly  is  not  extensive, 
since  the  total  intensity  of  Y  rays  above  the  L  edge  is  about  1.2^,  exclusive  of 


the  principal  Y  ray  rnontionod  -above. 

Because  of  its  lov  decay  cr.cr{T  is  pc.rticularly  suited  for  studies  of 

bond  rapture  in  the  decay  process,  Bi3acc  either  of  two  main  processes  may  be 
re-sponsible  for  the  ruptui'o  of  bonds,  vis.  recoil  processes  or  ioniz-ati'on.  The 


latter  is  -a  factor  of  unknovn-i  iriportance , 


since  the  disposition  of  the  orbital 


shrinkage  energy  is  not  established, 


cand  since  no  experimental  d-ata  concerning 


ionisation  a.ro 
3  energy  0.02R 


at  hand.  In  the  caoc  of  the  decay  of  a  miclidc  of  mass  210,  and 
I;cv,  hov/evor,  the  naximun  recoil  energy  is  about  0.06S  ov,  which 


is  tardy  atovc  tlicrnial  energies,  so  that  no  oond  rupture  due  oo  the  recoil 
■Droocss  is  possidc;  thus  hond  rupture  oosorved  in  the  docajr  of  as 

P'bCCEa)^  to  can  he  attrihutod  unequivocally  to  ionisation  processes,  what¬ 

ever  their  origin. 

Dependence  of  the  bond  rupture  on  pressure  of  the  parent  conpound,  Ph (0113)4, 
or  of  the  daughter  conpound,  31(0113)3,  night  he  positive,  negative,  or  ahsunt, 
depending  on  the  nature  of  the  inport<ant  oond  ruptu.ring  and  rcconhination  pro¬ 
cesses.  If  bond  rupture  depends  chiefly  on  intornolccular  collisions  between  the 
cr-cited  and  nornal  species  (not  a  likely  condition  when  the  initial  recoil  energy 
is  far  loss  than  the  hond  energies),  then  the  extent  of  rupture  would  he  expected 
to  increase,  with  incronents  in  the  toto-1  pressure  of  the  syston.  If,  on  the 
other  hand,  reaction  of  free  dau.ghtcr  .atoms  or  ions  with  molecules  of  the  parent 
conpound,  or  v,dth  (carrier)  molecules  of  the  daughter  conpound  can  reconstitute 
an  important  fraction  of  the  ruptured  nolcculos,  the  apparent  hond  rupture  Vifould 
decrease  v/ith  increasing  pressure.  The  third  and  sccningly  most  attractive 
possihilitity  in  the  case  <at  hand  is  that  collisions  i.dll  contrihuto  little  to 
the  rupture,  since  kinetic  energies  of  the  novdy-f orued  species  arc  r.o  lovr,  and 
little  to  rcconhination,  since  (l)  no  "  cage"  reactions  can  occur  -analogous  to 
those  in  condensed  nodia,  and  (2)  too  little  energy  is  availahlc  in  the  recoil 
process  to  account  for  the  ruptixrc  of  bonds  in  neighhoring  nolcculcs  necessary  to 
produce  reactive  (alkyl)  fragnnnts  to  participate  in  the  rcconhination.  If  this 
third  condition  applies,  little  or  no  pressure  dependence  of  the  hond  rupture  is 
c:cpccted.  Dependence  of  the  pp-parent  rupture  on  pressure  of  inert  .ga.sns  would  of 
course  distinguish,  ruptiirc  and  rcconhination  effects  if  an  ir.porta,nt  pressure 
dopcndoiicc  is  found. 
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Exporinontal 


Ariparatus 

An  all-Pyrcx  apparatus  was  designed  and  "bviilt,  with  provisions  for  intro¬ 
ducing  and  storing  the  gases  in  vessels  previously  evacuated  to  10“^'  nn  Hg. 

Seven  reaction  tiihes  of  5*^  c-apacity  were  provided  for  pressure  variation 
studies.  The  a.ppa,ratus  is  shown  schcnatically  in  Figiire  11.  G-ascous  natcrials 
were  introduced  -at  E  fron  ^0  nl  distilling  fl-asks  eq.uippcd  with  IO/3O  standard 
ta.pcr  joints,  and  stored  tor.iporarily  in  the  flasks  A.  The  itcris  marked.  B  arc 
pj^'rox  4  nn  ohliquc  stopcoc]":s,  C  -arc  2  nn  stopcocks,  D  are  2  nn  three-way  stop¬ 
cocks,  E  arc  25/42  standard  taper  joints  (one  reaction  tube  is  shown  in  place), 

E  is  a  19/3S  st-andard  taper  joint,  and  G  is  a  mercury  nanometer.  The  tr-c.p 
hclow  E  W.O.S  used  for  condensing  the  ga,scs  removed  from,  the  system  -o,ftcr  an  o:qocri- 
ment.  Samples  of  the  g-as  -admitted  to  the  system  were  sonotincs  collected  for 
Gondcnsa.tion  -and  analysis  in  -0,  tuhe  -attached  to  E  at  the  left  of  H.  The  sjesten 
w-as  evacuated  hy  a  mercury  diffusion  pxnnp,  supported  hy  a  VJedeh  Duo-Seal  pump. 
Pressures  dxiring  the  evacuation  were  determined  with  the  EcLcod  gauge,  while 
pressures  in  the  experiments  were  determined  with  the  m.-anomctor. 

Preparation  of  Katori-als 

Load  tetranethyl  cont-aining  the  22y  Pb“^°  v/as  prepared  “by  the  method  of 
C-alingacrt^  involving  reaction  of  dry  PbCH.s  with  a  methyl  Grignard  reagent,  as 
described  belov/. 

A  s-anplc  "JO  g  of  Pb(l'03)2  cont-aining  Pb*”^®  at  -a  specific  activity  of  o.bout 
180  c/m-mg  at  20^  geometry  w-as  dissolved  in  dilute  HITO3  and  metathesized  to  the 
chloride  by  addition  of  a  largo  excess  of  concentr-atod  HCl.  The  resulting 
precipitate  v;as  collected  on  a  Bucchner  filter,  v;ashcd  several  times  with  cold 
water,  and  dried  in  air  -at  110®  for  24  hours. 

kothj'-l  magnesium  bror-idc  v;as  prepared  by  passing  0H33r  through  a  I6  inch 
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CaClg  tiitjc  into  100  nl  absoliitc  ctJiyl  other  containing  19  g  Kg  turnings  (coolod 
in  an  ice  hath)  to  conplotc  reaction  of  the  Kg.  The  nircturc  v/as  then  stirred 
with  a  mercury  seal  stirrer,  and  90  S  PhClg  added  slowly,  with  continued  cooling 
in  ice.  The  mixture  v/a.s  then  heated  on  0,  steam  hath  for  tv/o  hours  under  .a  reflux 
condenser.  The  excess  Orignard  roa.gcnt  vfa,s  then  decomposed  with  chipped  ice, 

•and  the  aqucotis  and  ether  phases  separated.  The  ether  phase  was  dried  over 
C0.CI3,  and  the  ether  distilled  off  over  a  steam  hath.  The  Ph(CH3)^  was  then 
distilled  over  at  a  boiling  temperature  of  about  109-110°C,  yield  about  7  -‘i 
(lU  g). 

Ano-lytical  and  R-adionctric  Procedures 

(a)  Analj'sis  of  PbCCKs)..  for 

Per  the  detcrmina.tion  of  the  total  amount  of  present  in  a  sample  of 

radiactivc  Ic.ad  tctrancthyl,  0.02  ml  of  the  liquid  vras  treated  with  Brg  in  a 
COl^j  solution,  in  the  presence  of  a  few  ml  of  1  K  HnOs  containing  -about  10  ng 
gilll  standardized  solution  to  serve  -as  carrier.  The  CCl.^  and  Brg  were 

thcn..-boilcd  off,  and  o.n  excess  of  neutral  i'a  phosphate  solution  added  to  precipi¬ 
tate  BiP0.i,  which  was  centrifuged  dovm,  washed  with  HgO  and  EtOH,  then  transferred 
to  <a  to-red  A1  planchct,  dried  under  an  infra-red  lamp,  v/cigliod,  and  then  mounted 
for  counting.  The  fraction  recovered  was  determined  by  corp.aring  the  sample 
weight  v,fith  the  standard  weight  of  BiPO.i  obto.incd  from  the  aliquot  of  the  carrier 
solutions,  thus  allovdng  -a  correction  for  chcniaal  yield  of  the  analysis. 

In  several  cases,  .attempts  vrorc  made  to  perform  this  analysis  on  the  material 
trauued  out  after  a  decay  period,  in  the  gas  phase,  hut  material  bal-a.ncos  -and 
duplicates  wore  poor,  so  that  this  practice  wo.s  abandoned.  This  technique, 
therefore,  was  used  only  to  dctcrninc  the  Bi^^®  titer  of  the  n.?.tcrial  used  in 
the  experiments  -o-t  the  time  of  its  use. 


("b)  Counting  of  BiPO,^.  Sanplcs: 

Sar.iUlcs  prepared  as  described  in  (a)  above  were  nountod  on  standard  white 
cards,  covered  with  a  polystyrene  fil:;,,  o,nd  counted  in  the  first  shelf  (20^ 
goonctry)  bclov;  a  thin  nice,  v^dndow  Gcigor-Kucllcr  tube.  The  B  particles  of 
pi^lo  energetic  enough  that  a  sanplc  v;cight  of  g-12  ng  did  not  contribute 
appr  c  c  i  ab  1  c  s  c  1  f -ab  s  o  r j)  t  i  o n . 

(c)  Doternination  of  Bonosited  on  Vessel  Walls; 

In  the  exporinents  designed  to  dctcruino  bond  rupture  in  Pb(CE3)4 

gas  phase,  the  natorial  was  introduced  into  the  BO  cc  reaction  tubes  at  various 

pressures,  and  the  Pb^^*^  allowed  to  decay  for  a.  period  of  several  days  to  form 

Bi®^®  in  an  appreciable  fraction  of  the  anount  in  secular  cquilibriun.  At  the 

end  of  this  decay  period,  the  ?b(CK3)4  was  punned  out  with  the  vacuun  pxinp  into 

a  trap  cooled  with  liquid  nitrogen.  Air  vja,s  then  a,dnittcd  to  the  reaction  tubes, 

and  they  were  renoved  fron  the  systen.  The  material  deposited  on  the  walls  of 

the  vessels  v,'as  then  counted  in  situ  with  a  spiccial  counting  arrangenent.  A 

glass  walled,  y/h  inch  cylindrical  Goigcr-h'uollcr  tube  (Pek  and  Krebs,  v/all 

thickness  -about  35  ng/cn^)  vas  mounted  on  a  wooden  base  conccntric-?.lly  with  a 

25/42  stand-ard  taper  joint  (inner  part).  The  rco.ction  tubes  were  lov/orod  over 

the  G.  K.  tube  and  seated  on  the  ground  gla,ss  joint  for  counting,  i^ith  the  whole 

arr-angement  placed  inside  a  c.onvontiona.1  cylindric-al  Ic-a-d  shield.  While  the 

goomcti'y  of  this  counting  arrangenent  rrust  have  been  near  5C^,  tests  with  a  set 

of  sta.nd?.rd  evaporated  sanplos  indicated  o-n  effective  gconctry  of  15+^, 

including  absorption  in  the  tiibc  w'-.lls.  The  standard  samples  v/cre  prepared  by 

cvaporo.tion  of  P^^KOg)^  .solutions  containing  -a  known  amoeu.it  of  on  the 

walls  of  the  50  cc  reaction  tubes  by  irradiation  with  an  infra-rod  lamp  v^hilc  the 

tube  vras  undergoing  slow  nochanic-al  rotation.*  Pour  such  samples  were  prepared 

and  counted,  with  an  -avcrag:c  devia-tion  as  shov/n  a,bovc.  Consequently  values  obt-ained 

•?:-Sonc  additional  error  was  probably  introduced  by  non-uniformity  of  the 
cva,poratcd  s.?.nplcs. 
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bj’"  counting  the  tube  walls  were  nultiiplicct  bj'  the  fa.ctor  1.33  (20/15) 

conparison  with  those  obtained  fron  counting  solid  BiPO^  sanplcs  at  20!^  gconctry. 

Results 

Tv/o  c:q)crinciits  v;orc  porforricd  to  deternino  tho  fraction  of  Bi®^^  do.ughter 
appeon-ing  in  non-volatile  forn  after  the  d.ccay  of  ?b®^®  c,s  gaseous  PbCCHg)^^.  In 
each  ease  tho  liquid  potent  conpound  v/as  frosen  in  a  25  nl  distilling  flask 
attached  to  tho  systen,  and  this  flask  evacuated  with  the  entire  systen  to  a 
pressure  of  10  nr.i  before  the  vapors  v,'orc  introduced  into  tho  re, action  tubes. 

The  total  anount  of  Pb(OH-)..  in  each  reaction  tiibc  v^as  deternined  fron  the  pros- 

*  o  ^ 

stirc-volunc  relationship,  anc?.  its  specific  activity  with  respect  to  3i^^^  was 
(3.ctorninod  "by  analysis  of  aliquots  of  tho  original  liquiclt  By  perforning  these 
analyses  on  several  dc?.ys,  it  wa,s  found  that  the  radioactive  conpound  was 
initially  free  of  aftv’'-r  preparation-)^  ,  so  that  in  the  first  exporinont, 

when  the  conpound  vras  fresh,  all  the  Bi^^°  was  forned  in  the  gas  phase.  In  tho 
second  exporinont,  the  preparation  was  tv^o  weeks  old,  and  thus  contained  a 
considerable  qiiantity  of  tho  daughter.  Since  analysis  of  the  residual  gas 
proved  inpractical,  this  factor  was  uninportant ,  rcq.uiring  only  tho  assuription 
that  tho  Bi(CIig)g  already  o.uisting;  in  the  preparation  is  not  adsorbed  appreciably 
as  such  on  the  vessel  la^alls.  This  assunption  is  supported  \>y  conparison  of  the 
results  of  the  two  o:q?orincnts . 

The  results  of  those  tv.^o  c:xj:)crincrital  series  arc  shown  in  Table  I.  It  is 
interesting  to  note  that  although  tifocs  6  and  S  had  cadnitted  air  throtigh  stoncock 
leaks  to  near  atnosphoric  pressures  (a,s  deternined  by  the  pressure  transnitted 
to  the  entire  systen  at  the  end  of  exporinont  II )  no  significant  differences  in 
the  results  v^^orc  observed. 

‘■-''"Analysis  of  0,01  nl  (20  ng:)  aliquots  of  the  liquid  for  Bi^^^  gave  the  following 
results:  fourth  d.n.y,  134.6  c/n~ng  Pb,  47*4^  of  saturation,  theoretical  value- 
•5%*  Eighth  day,  I96  c/n-ng  Pb,  66.4^  of  saturation,  theoretical  valxic 

67*0%, 


Co\mfcs  vroro  t".kcn  of  the  tukes  fron  exporinent  I  at  intervals  of  a  few 
days  for  'atout  20  days  (four  half-lives)  after  conplction  of  the  experinont, 

and  no  ovid.Giico  of  loritt-livcd  contamination,  %rhich  could  ha.vo  resulted  fron  do- 
conposition  of  the  parent  compound,  \fa,s  dctectahlc. 

It  is  clear  that,  within  the  pressure  limits  and  under  the  conditions 
applied,  no  prcssxirc  dopcndonco  of  the  "bond  rupture  is  observed.  The  average 
va,luc  of  the  percentage  counted  on  the  walls  is  ? .~l  +  i.G,  v/hcrc  1.6  is  the 
proba.blc  deviation  (50/^  error)  in  the  series.  If  recorbina.tion  v.'crc  responsible 
for  the  high  retention  obsci'vod  (about  S^%)<  then  some  significa.nt  pressure 
dependence  ^^dthil•!  the  limits  applied,  might  have  been  expected. 

Several  attempts  to  dot.  rminc  the  volatility  of  the  Ei®^®  formed  in  liquid 
lead  tctranothyl  (in  a  glass  stoi'porcd  Brlcnmcycr  flask)  led  to  values  vhich 
indicated  considerably  more  bond  rupt’arc  than  found  in  the  gas  phase  experiments , 
and  much  more  than  reported  by  Mortonsen  a,nd  Leighton^,  whoso  experiments 


npp-arontly  were  performed  in  the  absence  of  air.  Two  0.01  ml  samples  of  the 
Pb(0E3)^  (20  days  old)  v/ore  evaporated  on  1  inch  watch  glasses,  (a)  in  air  at 


room  tonporaturo ,  and  (b)  in  air  under  an  infra.-rcd  la.np.  Immediately  o,ftcr 
evaporation,  (a)  exhibited  53^  of  the  theoretical  Bi^’^®  count,  and  (b)  showed 
39%  •  These  sanpelos  decayed  with  the  chara.ctoristic  Bi®^®  half-life.  In 
another  oxporinent,  a  sa.mple  of  Pb  (,0113)4  was  frosen  in  the  upright  tube  attabhed 


to  the  system  shovra  in  Pigniro  11,  and  the  entire  -apparatus  evacuated  through  the 
trap  at  P.  The  trap  was  then  cooled  in  liquid  nitrogen,  and  the  sample  allowed 


to  vranv  up  to  room  temperature, 
into  the  traie  for  condensation. 


then  the  entire  sample  was  vaporized  and  pumped 
Analysis  of  the  trapped  material  showed  that  only 


about  3%  of  the  Bi^^®  had  been  trapped  there,  v.fhcrcas  the  tube  from  which  the 
material  v;as  distilled  showed  about  60^  of  the  total.  The  filtrate  from  the 


EiPO^  precipitate  in  the  distillate  shov/cd  a  strong  test  for  Pb  (PlgS),  while 
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FEACTIOW  OF  BISMUTH  DAUGHTER  DEPOSITED  ON 
WALL  IN  DECAY  OF  LEi^D  AS  LEAD  TETEAMETHYL 
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that  fron  the  material  in  the  distilling  tvJoc  gave  a  negative  tost,  indicating 
that  essentially  all  of  the  Ph  was  volatilized  n.s  ^(CK^)^. 

PiscTission 

The  apparent  Doiid  rupture  ohserved  in  the  doc.ap  of  .as  P'b(CH3)_  in  the 

liquid  stoPc  can  scarcely  ho  attrihu.tcd  to  the  nuclear  transformation,  since  no 
conccivohlc  processes  vd  orchy  rupture  could  ho  more  c:ctcnsivo  in  the  liquid 
than  in  the  g.as  pha,so  a,ro  at  hand«  The  results  of  hortensen  and  Leighton^, 
furthornoro,  indicopc  no  oictonsivc  rupture  in  the  liquid  state  in  the  ahscncc  of 


air.  Considering  the  results  of 
little  effect  of  air  is  allowed, 
ar.iount  of  water  was  in  solution 
Si (0113)3  IS  hydrolyzed.  A  test 


the  gas  phase  roeperinents  reported  hero,  -hov/ever, 
A  noro  likely  h;^^oothosis  is  that  a  snail 
in  the  Ph(CH3)^^,  and  that  the  carrier-free 
epperinont  with  water  showed  that  this  hydrolysis 


occurs  readily. 

The  fraction  of  bonds  3-uptured  in  the  decay  of  Ph®^^  as  Ph(CxI  )  to  Bi^^® 

3  4. 

in  the  gas  phase  is  rcnarkahl;/  independent  of  the  pressure  of  the  parent  compound, 
and  coincides  rather  closely  with  the  reported  nininun  extent  of  internal  con¬ 
version  {?%)  in  the  nuclear  transition.  Since  it  is  known  from  earlier  experi- 
i.i^.nts  that  ionization  sufficient  to  set  up  hond— rupturing  electrostatic  repulsions 
occurs  in  the  internal  conversion  process,  and  since  parent-daughter  srpo,rations 
in  this  process  ar'  c-a-silj^  effected,  it  is  r.  o.sonahlc  to  assume  that  essentially 
all  of  the  "bond  rupture  observed  here  was  effected  by  ionization  duo  to  internal 
conversion  processes. 


These  considerations  lead  to  the  conclusion  that  ionization  Jn  the  8**  decay 
process,  at  least  for  such  a  low  energy  particle  (0.02^  Mcv).  is  not  as  extensive 
as  in  the  conversion  process,  and  prohahly  not  nearly  so  extensive,  since  con¬ 
version  is  generally  conceded  to  load  to  far  norc  ionization  than  necessary  to 
nipturc  siaplo  chenical  bonds.  Considering  only  the  prinary  effects  of  the  13“ 


transition,  one  vould  not  predict  a  higher  degree  of  ionisation  in  the  case  of 
norc  onorgctic  spectra. 

The  nuclide  is  of  particular  interest  with  regard  to  the  orbital 

shrinha^ce  energy,  v/hicli  riust  be  about  10  kev .  Since  the  naxiuurn  decay  *  n^  rgy  is 
not  nuch  above  that  value  (25  kev)  it  is  difficult  to  see  how  interactions  hetwenn 
the  departing  P  particle  and  the  orbital  electrons  could  lea.d  to  the  forrntion  of 
Bi^^°  in  its  (atonic)  ground  state,  unless  indeed  the  actual  nass  difference 
bctv,'Con  the  two  nuclei  is  only  about  I5  If  the  daughter  is  left  in  a  highly 

cpecitcd  atoriic  state,  d.i3sipation  of  the  sta.biliza.tior.  energy  rust  lca,d  to  a 
d.egree  of  ioniza,tion  which  is  inconpatiblc  with  the  results  reported  here.  Thus 
for  the  present,  the  shrinkage  process  rust  be  considered  either  (a)  adiabatic, 
leading  to  the  ground  or  a  lov^-lying  excited  state,  or  (b)  non-adiabatic,  leading 
to  stabilization  by  enission  of  very  soft  (non-ionizing)  radiation. 
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THE  OXIDATIOI  STATES  OF  CHROMIUIvl  AEISIEG  POSITROI  DECAY  OF  MU&AFESE 

W.  H.  Burgus* 

Of  factors  which  nay  influence  the  chonical  properties  of  atons  arising 
fron  heta  or  positron  decay,  one  of  the  more  important  is  the  recoil  energy 
imparted  to  the  decaying  atom  hy  the.  departing  particles,  the  electron  and 
neutrino,  or  the  positron  -and  antineutrino.  Because  of  the  present  lack  of 
knowledge  of  ncutrino-heta  angul-ar  correlations,  calculations  of  recoil  spectra 
are  nearly  inpossihle. 

A  second  factor  which  nay  influence  the  chcncial  properties  of  atoms  pro¬ 
duced  in  beta  or  positron  processes,  involves  the  readjustment  of  the  orbital 
electrons  to  the  new  nuclear  charge.  If  the  a.ocay  process  consists  of  independent 
ejection  from  the  nucleus  of  a  beta  particle  or  a  positron,  then  rc-adjustnont  of 
the  orbital  electrons  to  the  new  nuclc-ar  . charge  will  be  quite  different  for  beta 
decay  th.an  for  positron  decay-  In  the  former  casc^  the  electronic  arrangement 
which  describes  the  ground  state  of  the  parent,  becomes  an  excited  state  for  the 
d-aughter.  In  the  latter,  .a  sub-normal  electronic  sta,tc  v^ould  result,  and  energy 
VTOuld  need  to  be  introduced  to  bring  tho  electrons  up  to  the  ground  state  for  the 
daxightcr  .atom.  The  difficulties  encountered  in  picturing  the  6"^  decay  in  this 
way  are  innodiatcly  obvious,  and  the  trtie  picture  involves  sufficient  interaction 
of  the  electrons  with  the  p-articlcs  involved  in  the  decay  process  to  leave  the 
^l^ctrons  in  at  least  a  g'round  state  for  the  da.ughter  atom-  It  nay  also  bo 
possible  for  some  of  the  electrons  to  oe  r-aised  to  excited  levels,  o,nd  even  for 
ionization  to  occur.  Probabilities  of  ioniz.o,tion  from  v.o.rious  levels  for  pro¬ 
cesses  involving  both  increase  and  decrease  in  nuclear  charge  have  been  calculated 
by  higdal^.  A  more  elaborate  calculation  for  probability  of  ionization  from  tho 
h~shcll  has  been  carried  out  by  Feinberg^. 

Another  fa-ctor  w'hiah  may  play  on  importa-nt  role  in  determining  tho  chemical. 
*Ecpartnont  of  Chemistry,  Washington  University 
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properties  of  atons  undergoing  teta  or  positron  decay  is  the  chenical  oxidation 
state  of  the  parent  species.  If  the  parent  atons  were  in  a  given  oxidation 
state,  and  no  serious  electronic  disturhanco  wore  to  occur  during  decay  in  a 
chenically  inert  nediun,  then  the  daughter  of  a  beta  emitter  night  he  ejected 
to  cxliihit  an  oxidation  nunher  one  higher  than  that  of  its  parent,  while  the 
daughter  of  a  positron  cnittor  night  he  expected  to  have  an  oxidation  nunher 

one  lower. 

In  addition  to  the  above  factors,  which  nay  directly  influence  the  chenical 
properties  of  daughter  atons  of  beta  or  positron  enitters,  there  nay  also  he 
secondary  or  indirect  factors,  which  nay  play  irinortant  roles  in  deternining 
final  chenical  forns.  As  a  result  of  the  prinary  processes,  the  daughter  atons 
nay  he  found  at  tracer  concentrations  in  a  chenical  fern  not  ordinarily  encountered 
at  nacro  concentrations.  Studies  of  such  phenonena  have  been  ncagor  and  little 
is  known  about  this  subject  called  ”  tracer  solution  chenistry".  However,  if 
such  a  chenical  species  could  exist  it  could  conceivably  undergo  further  reactions 
which  could  dcterninc  the  final  chenical  state  of  the  daughter.  One  of  these 
reactions  night  be  exchange  with  another  chenical  forn  of  the  cloncnt  added  as 
c.arrior.  Thus  the  bulk  of  the  daughter  atons  originally  in  one  state  would 
ultinatoly  cxliibit  the  chenistry  of  another-the  added  carrier  (providing  this 
"Darticular  carrier  did  not  exchange  with  other  carriers  a.lso  present). 

Another  secondary  process  of  great  inportance  in  deternining  the  ultinate 
chenical  forn  of  the  daughter  of  a  beta  or  positron  enitter,  is  chenical  reaction 
of  the  daughter  atons  with  the  surrounding  nediun.  This  nay  occur  as  a  result 
of  one  or  nore  of  the  prinary  processes  of  ionization,  olectronic  excitation,  or 
high  recoil  energy,  or  as  the  result  of  the  appearance  of  the  daughter  in  a 
non-stable  chencial  oxidation  state.  3y  allowing  decay  to  occur  in  the  gaseous 
state  at  low  pressures  the  inportance  of  such  reactions  nay  be  ninirnized. 
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,  t'nsDons  cxpcrincnts  may  not  always  1)0  possible,  and  reactions  with 
other  nolcculcs  mst  often  he  tolerated. 

From  the  preceding  considerations,  it  is  clear  that  the  final  chemical 
forms  in  which  daughter  atoms  of  a  beta  or  positron  emitter  arc  found  may  he 
dctcrniiicd  hy  one  or  more  of  several  important  and  possibly  competing  factors. 

The  object  of  the  present  investigation  wa-s  to  determine  the  chemical  forms 
assumed,  by  chromium,  vfhen  it  is  formed  by  positron  d,ccay  of  manganese.  •  By 
adjusting  variables  such  as  the  oxidation  state  of  the  manganese,  the  temperature, 
the  composition  of  the  medium  in  which  decay  occurred,  etc.,  it  vras  hoped  to 
learn  something'  of  the  nature  and  importance  of  two  of  the  factors  vrhich  nay 
d.cterninc  the  chemical  form  of  the  chromium,  viz,  the  oxidation  state  of  the 
parent,  and  subsequent  reactions  of  daug^htcr  atoms  v/ith  other  nolcculcs. 

For  this  study  the  positron-dccaying’  manganese  isotope  of  mass  number  5i 
was  used.  Emitting  positrons  of  2.0  mcv.  maximum  energy,  this  isotope  decays 
to  Or®^,  which  in  turn  decays  by  K-capturc  to  stable  The  latter  d.ecay 

also  involves  0,32  mev  gamma  emission  occurring  in  about  3”5^  ^hc  transitions. 
Some  of  these  gamma  rays  are  internally  converted,  and  in  this  study  the  Cr®^ 
was  detected  by  means  of  these  conversion  electrons  and  of  the  x-ra,j>’s  following 
K-capturo. 

Kn®^,  prod-ucod  by  dcutoron-bombard.ment  of  metallic  chroniu-m  at  the 
Washington  Uxiivcrsitj’'  cyclotron,  was  isolated  from  the  target  and  cleaned  of 
all  Cr®^  grown  d.uring  the  isolation  procedure,  and  initially  present  due  to  a 
competing  reaction.  The  Mn®^,  with  add.ed  carrier,  vjas  placed,  in  a  definite 
oxidation  state  and  allovrod  to  d.oc<ay.  In  eases  of  d.ecay  in  solution,  carriers 
for  Cr(lll)  and  Cr(n)  were  always  present.  For  decay  in  the  solid  st?^tes,  the 
nanganosc  salt  was  pornitted  to  decray  in  the  absence  of  Cr  carriers.  To  effect 
Boparatioiis  the  Cr  carriers  v^cro  added  afterv/ards  when  the  salts  wore  dissolved* 


Cr(IIl)  and  Cr(Vl)  vroro  shown  to  undergo  only  a  very  slow  exchange  of  chronium, 
so  no.  error  was  introdiiccd  hy  this  cxcho.ngc .  Cr(Il)  was  not  looxcd  for,  hocauso 
of  its  expected  cxc!iangc  with  Cr(lll),  and  hecanso  of  the  difficraties  of  Cr(n) 
chenistrj’'.  '  Separation  of  the  daughter  Cr^^  into  Cr(lll)  and  CrCVl)  fra,ctions 
was  r.vadc  hy  precipitation  of  load  chronato  at  pK  2.  After  separation,  extensive 
ptirif icc.tioM  of  each  fraotiora  froT;  foroi.'^n  activities  was  necessary. 

The  results  of  the  decay  cjnjcrincnts  arc  sunnarized  as  follows!  Decay  of 
Hn®^  incorporated  into  solid  dry  MnCOs  and  then  dissolved  (after  decay)  in  0.1  f 
nitric  acid  containing  Cr  carriers  yielded  (70.2  +  2.1)^  of  the  Cr®^  as  Cr(IIl) 
and  (29. S  +  l.lfo  as  Cr(Vl). 

Decay  of  as  nanganous  ion  in  aqueous  solutions  produced  nearly  all  of 

the  Or®’’  in  the  trivalcnt  for:.;,  with  only  about  1%  separable  as  Cr(Tl)..  This 
distribution  botv^eon  Cr(lll)  and  Cr(Vl)  in  aqueous  solution  was  indo-ijcndcnt  of 
the  pH  of  the  solution  between  pH  4. 50  and  a  pH  equal  to  that  of  2.45  ^  nitric 
acid.  In  each  ease  essentially  all  of  the  daughter  Cr®^  was  in  the  form  of 
Cr(IIl). 

3y  cooling  solutions  to  liqti,id  air  tenperaturo  and  allowing  decay  to  occur 
at  that  tonporaturc,  thc.a  ncl.ting  and  separating,  the  Cr(lll)  fraction  was  found 
to  have  (95.4  +  1.9);o  of  the  total  Cr  daughter  and  the  Cr(Vl)  fraction  to  have 

(4.6  +  0,6)^. 

Another  condition  in  vdiich  decay  of  Kn^^  as  naniganous  ion  resulted  in  sorio 
daughter  activity  being  in  the  higher  oxidation  stcate  was  obtained  when  the 
aqueous  solution  in  which  decay  occurred  was  diluted  vdth  organic  solvents.  In 
an  acctonc-v,Tator  solution  in  which  t.’ie  nol  fraction  of  acetone  was  0.60, 

(SC, 2+2. 7)^  of  the  daughter  appeared  in  the  Cr(lll)  fraction  'while  (ll.S+1.4)?® 
appeared  in  the  Cr(Yl)  fraction.  In  a  dioxanc  solution  in  which  the  nol  fraction 
of  dioxanc  was  0,565  the  Cr(IIl)  contained  (29.7^2.8  of  the  da.ughter  .atons  and 
the  Cr(Vl)  contained  (10,3+  1.8)^, 


T)ccay  of  Kn®^  as  in  aqueous  solutions  sho\^c-d  that  in  all  solutions 

hct’A'Con  pH  1.17  and  0,2£,  (50+  3)$  of  daughter  appeared  as  Cr(lll)  and  .a, 
like  oxiount  as  CrCVl).  Ifhile  it  is  thcrnodynanic.ally  possible  to  oxidize  Cr(IIl) 
\^ith  KnOr  a-t  the  concentrations  employed,  spcctrophotonctric  studios  showed 
that  this  did  not  occur  at  a  sufficiently  rapid  rate  to  he  inportant.  Further, 
because  no  dependence  of  the  per  cent  of  daiightcr  in  Cr(Yl)  f reaction  upon  KnO^*" 
concentration  was  found,  oxidation  of  daughter  by  MnO^^"”  va.s  shown  to  be  uninpor- 
tant.  By  freezing  to  liquid  air  tenperaturo  the  solution  in  which  Mn®^  as 
I’nO.^  decay  occurred,  the  amount  of  Or(Vl)  increased  from  ^0^  to  (62.4  +  1.4)^. 

Sunnarizing  the  results,  it  can  be  said  that  dcca.3?'  of  Kn  as  dry  MnCOg 
3’-ields  a  considerable  fraction  of  the  daughter  atoms (30^)  in  a  sta.to  which,  when 
dissolved,  can  form,  or  exchange  with  CrO^  .  Iflicn  decay  of  Mn  ion  occurs  in 
solution,  the  water  effects  chc;-.iica.l  reduction  of  this  ^0^  to  a  form  ^irhich 
follows  Cr(lll)  chenistrj’’.  \ih.en  the  solutions  arc  frozen  to  liq.uid  ear  tenpera- 
turc  a  snail  fraction  renains  in  an  oxidised  state.  Likewise  addition  of  organic 
solvents  results  in  loss  reduction. 

Decay  of  HnO^  loaves  about  one-half  of  the  daughter  in  a  st-ate  which  forms 
CrO^  or  can  exchange  with  it.  Again,  freezing  in  liquid  air  rcdriccs  the  fraction 
of  davighter  atoms  chemically  reduced  to  a  form  oxch-a,nging  vdth  or  carried  by 
Cr(lll). 
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TEJ^  EXTEl'T  OF  IHTIRgAL  COmmSIOI  IIT 
\J.  E.  Hanill,  E.  R.  VJillians  and  J.  A.  Young  •5^-5;* 

8ft* 

OhoDiical  reactions  indiiccd  i)y  isonoric  transition  in  3r  havo  previously 

given  yields  up  to  atout  90$^,  indicating  that  internal  conversion  nust  he  at 

least  this  extensive Recently  reported  physical  neasurenonts  have  indicated 

that  the  transition  proceeds  in  t\‘ro  steps,  one  of  which  is  conplctcly  converted, 

3,4 

as  evidenced  hy  failure  to  detect  the  appropriate  unconverted  ganna  ray. 

V'e  have  attonptod  two  ncthods  of  isoncr  separation  SGlectcd  to  provide,  if 
possible,  a  rcliahlc  estiratc  of  the  naxinuti  extent  of  conversion,  and  therefore, 
of  chenical  reactivity. 

Separation  of  isonors  hy  ion  collection  in  an  electrostatic  field  is  an 
obvious  choice  for  such  a  determination,  since  ionisation  can  he  expected  only 
with  internal  conversion.  Rurther  '.vo  vfishod.  to  use  a  suhstanco  such  as  nydroriOn 
hronido,  which  would  he  expected,  to  shotA'  no  separation  of  a  purely  chemical 
nature,  Briefly,  the  plan  of  the  experiments  was  as  follows;  &a,soous  hjxlrogon 


hroni 


Hide  of  high  sioccific  activity  (4.4h  is  placed  in  an  evacuated  oloctroly- 


sis  che/nher  consisting  of  a  cylindrical  outer  electrode  and  an  axiral  wire.  In— 
position  of  a  high  field  at  gas  pressures  such  that  the  ncn,n  freo-path  will  he 
at  least  as  lai'gc  as  the  cloctrodo  sep.aro.tion  should  renove  ions  fornod  in  the 
ga,s  pimsc  during  decay.  The  i^roposal  was  to  renove  and  count  the  ga-scous  sanplc 
after  an  anuroiDriatc  groxi^th  period,  hut  this  point  wa-S  not  atta,inahlc.  Extensive 
loss  of  activity  (4.5  h)  occurred  in  the  chanhor,  prohahly  due  to  absorption  apd 
cheraica,!  reactions  with  construction  naterials,  and  it  is  fca.red  that  these  effects 
and  the  property  of  no  ordinary  chenical  scpar?-tion  of  isonors  tiaj  he  inscparahlc. 


‘''""'d}opartriont  of  Chenisrt-ry,  University  of  Hotre  Dane. 
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The  second  ncthod  of  attack  consists  in  a  choice  of  the  nost  favorable 
conditions  for  a  chemical  separation.  This  v,'c  believe  means  gas  phase  c:q)cri- 
nents,  to  avoid  cage  effects  leading  to  retention,  and  the  introduction  of  an 
acceptor  molecule  which  will  readily  combine  or  exchange  v;ith  nascent  daughter 
particles.  Finally,  it  must  be  possible  to  remove  Br®°  (iS  n)  and  begin  counting 
3r®o  (4  ,5  Xfithin  a  'brief  interval,  since  the  ratio  of  counting  rates  at  zero 
tine  (nonont  of  separation)  is  a  ncasuro  of  the  conversion  efficiency,  The 
following  procedure  proved  to  he  satisfactory:  The  total  activity,  as  Ag3r'^‘, 
v/as  converted  to  AlBrg a.nd  exchanged  with  CH^Br;  water  was  added  to  dcstroj^ 

AlBr^  and  GHsBr^'v'  was  then  distilled  fron  P3O3  and  IIBr  nolo%  )  added.  This 

gaseous  nixturc  remained  at  room  tenperature  for  two  hours.  The  CHsPrX-  was 
transferred  within  an- interval  of  ten  seconds,  to'the  cold. finger  of '.aigas,  sample 
holder  surrounding  a  thin  wall,  counter;  HBr  was  roiiovod  during  transfer  hy  an 
interposed  soda-lino  tuho.  .  Counting  of  tlio  gas  sample,  at  a  fraction  of  its 
vapor  pressure,  started  within  thirty  seconds  and  continued  through  the  decay  of 

(34  h).  In  the  counting  arrangenont  used,  the  counting  efficiency  of  Br®^ 
(4.5  h)  is  quite  ncgligihlc, and  therefore  its  activity  must  ho  measured  through 
its  IS  n,  daughter. 

After  correcting  for  p-  snail  (34  h)  contrihntion  and  for  ha,ckground, 

the  residual  growth  and  decay  curve  may  he  expressed  in  the  usual  exponential 
form.  The  analytic^,!  rosixlts  of  the  data  for  four  separate  runs  arc  given  in 
!  t-hc  accompanying  taolo.  Tre  figairos  given  for  separation  efficiency  must  ho  1*00 
or  loss.  The  avcro-gc  of  the  four  values  nay  he  given  as  0*98  +  0.02*  It  is 
i.Q.tcrGsting  to  note  that  the  experiment  with  no  HBr  -also  gives  rather  complete 
separation,  although  this  night  he  expected  to  he  low  due  to  ahscncc  of  the 
acceptor.  Although  no  attempt  was  mdo  to  follow  in  detail  the  fate  of  the 
aaugiitor  particles,  it  was  repeatedly  observed  that  a  considcrahlo  fraction  of 
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the  IS  in  daughter  regained  in  the  counting  chanher  after  rcnoval  of  CH3B1* . 


Sur.inary  of  Data 


Gor.ditions 

Act ivi tips 

at  0  tine 

Sci>n.ration 

Me 

EBr 

4.4  h. 

IS  n 

Efficiency 

15 

nr:'  .igu 

16  nn  Ejg. 

147s  c/n 

0  to  -230  c/n^ 

1.00 

12 

6 

132s 

-35 

1.00 

20 

12 

375 

-15 

0.96 

15 

0 

120o 

-45 

0,96 

^Uncci’tainty  cue  to  inadequate  location  of  zero  tine. 

Those  cx-pcrinonts  agree  vrith  the  lo,test  physical  ncasurenonts,  in  indicating 
a  conversion  efficiency  of  nearly  unity  in  this  isoraeric  transition,  a.nd.,  as 
further  pointed  out  hy  Dr.  Iv.  I'.  Lihhy,  deny  the  presence  of  an  independent  beta 
decay  of  4.5  h  3r  , 
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ESCOIL  3“0Mi:i’:S  ATOMS  I?'  rTUT^lOE  CAPIUSO]  3y  C-ASSOliS  m-'YL  BROMINB* 

Sol  Vv'e'tler  a,nd  T.H,  Pavies*'*' 

Ethyl  hroinide  at  several  microns  pressure  was  irradiated  with  neutrons  in  the 
Argonne  pile.  Usually  the  container  was  a  quartz  cylinder  2  cm.  in  diameter,  40 
cm.  in  length,  lined  with  metal  fo;l  and  containing  a  central  met^^l  rod.  After 
irradiation  n''  radio'bromlne  was  detected  in  the  gas  phase,  a  result  indicating  in- • 
variable  rupture  of  the  C-Br  bond  on  neutron  capture.  Evidence  was  obtained  for 
re-emission  of  the  bromine  recoils  alter  collision  with  sev-ral  ordinary  metal 
eurfaces,  but  attachment  at  first  wall  collision  apparently  occurs  with  foils  of 
amalgamated  copper.  By  varying  the  electric  field  imposed  across  the  central  rod 
and  surrounding  field,  the  distribution  of  radiobromine  on  the  metal  surfaces  changed 
as  if  15-40‘/o  of  the  recoil  fragments  reach  the  surfaces  as  positively  charged  par¬ 
ticles,  the  remainder  as  neutrals.  The  proportion  of  cationic  species  found  varied 
with  the  particular  bromine  isotope  studied.  The  results  are  tentatively  ascribed 
to  internal  conversion  of  soft  r -rays  emitted  in  neutron  capture. 


*  Unfortunately,  the  complete  manuscript  for  this  paper  is  not  available,  and 
therefore  the  abstract  onl;;  is  given. 

**  Institute  for  huclear  Studies,  University  of  Chicago. 
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